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ABSTRACT 

ANALYSIS  OF  FETAL  GLOBIN  GENE  EXPRESSION  IN  KUWAITIS 
WITH  SICKLE  CELL  DISEASE.  ANN  V.  ARTHUR,  SECTION  OF 
HEMATOLOGY,  DEPARTMENT  OF  INTERNAL  MEDICINE,  YALE 
UNIVERSITY  SCHOOL  OF  MEDICINE,  NEW  HAVEN,  CONNECTICUT. 
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A  clinically  mild  form  of  sickle  cell  disease,  characterized  by 
high  hemoglobin  F  levels  (in  the  range  of  15-25%)  is  common  in 
Kuwait.  Studies  have  shown  that  selective  regulation  after  gene 
expression  of  the  two  copies  of  the  y  globin  gene  is  one  factor 
involved  in  controlling  HbF  persistence  into  adult  life.  The  Ay  and  Gy 
globin  genes  of  the  (3  globin  gene  cluster  are  identical  except  at 
position  136  where  either  alanine  (Ay)  or  glycine  (Gy)  is  present.  At 
birth,  when  HbF  levels  are  relatively  high,  the  Gy:  Ay  ratio  is  7:3.  As 
development  proceeds,  HbF  levels  decline  sharply  and  the  ratio 
changes  to  the  adult  value  of  2:3. 

In  this  study,  we  analyzed  blood  samples  from  7  pedigree 
families  (totalling  25  samples)  and  6  unrelated  individuals  with 
various  sickle  cell  syndromes.  Hemoglobin  lysates  and  globin 
preparations  were  electrophoresed  on  12.5%  polyacrylamide  gels 
with  6M  urea,  2%  Triton  X-100  in  5%  acetic  acid,  to  separate  the  [3, a, 
Ay  and  Gy  globin  chains  for  analysis.  HbF  levels  were  determined 
using  alkali  depaturation. 

Our  results  revealed  an  equal  proportion  of  Gy  and  Ay  globin 
chains  and  high  HbF  levels  (ranging  from  10.4%-60.7%  in  sickle  cell 
patients),  suggestive  of  a  type  of  heterocellular  persistence  of  fetal 
hemoglobin.  However,  neither  Saudi  Arabian  or  Kuwaiti  sickle  cell 
patients  exhibit  classical  deletion  or  nondeletion  HPFH,  since 
parents  of  affected  individuals  did  not  have  high  HbF. 
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I.  GENETIC  BASIS  OF  SICKLE  CELL  DISEASE 

Sickle  hemoglobin  ,HbS,  is  formed  due  to  a  simple  point 
mutation  in  DNA  in  which  thymine  replaces  an  adenine  residue  in  the 
sixth  codon  of  exon  1  of  the  (3  globin  gene.  During  subsequent 
protein  synthesis  that  leads  to  the  production  of  the  (3-globin  chain, 
valine  substitutes  for  glutamic  acid  in  the  sixth  position. 

Sickle  cell  anemia  is  a  genetically  inherited  disease.  Parents 
of  affected  individuals  have  either  the  heterozygous  carrier 
condition  known  as  sickle  cell  trait  ,Hb  AS,  or  are  homozygous  for 
sickle  hemoglobin  ,Hb  SS. 

The  term  sickle  cell  disease  covers  a  spectrum  of  disorders 
ranging  from  the  almost  benign  carrier  state  of  sickle  trait,  to 
disorders  of  intermediate  severity  (Sickle  (3°-thalassemia,  Sickle 
(3+-thalassemia,  Sickle  a°-thalassemia,  Sickle  a+-thalassemia)  to 
the  most  severe  form  -  the  SS  phenotype.  Also  included  in  the 
category  of  sickle  cell  syndromes  are  Hb  SC  disease,  Hb  SD  disease 
and  Hb  SO  Arab  disease.  (16) 

The  increased  clinical  morbidity  associated  with  these  doubly 
heterozygous  conditions  compared  to  that  seen  with  sickle  cell  trait 
is  due  to  several  factors.  These  factors  include: 

1 )  The  presence  of  a  second  hemoglobin  gene  or  mutant  genes  that 
leads  to  absent  or  reduced  amounts  of  normal  hemoglobin  A. 

(i.e.  Sickle  (3-thalassemia.) 

2)  The  presence  of  a  mutant  [3-chain  that  causes  cellular 
dehydration  and  therefore  increased  intracellular  hemoglobin  S 
concentration,  (i.e.  Hb  SC  disease) 
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3)  The  presence  of  a  hemoglobin  that  participates  in 

polymerization  to  a  greater  degree  than  hemoglobin  A  does. 

(i.e.  Hb  >SS  and  SO  arab  diseases)  (33) 

Epidemiological  studies  have  shown  that  sickle  cell  syndromes 
have  their  highest  prevalence  in  Black  Africans  and  their 
descendents.  However,  the  sickle  gene  has  been  found  in  Iran,  Italy, 
Greece,  Israel,  India,  Saudi  Arabia  and  Kuwait. 

The  association  between  the  sickle  mutation  and  at  least  three 
separate  restriction  enzyme  polymorphism  haplotypes  suggests  that 
its  distribution  throughout  the  world  is  the  result  of  multiple 
mutational  events  and  dissemination  via  various  trade  routes.  (13) 
Geographically,  the  [3s  gene  is  most  concentrated  in  two  areas 
of  West  Central  Africa.  One  of  these  areas  encompasses  Nigeria  and 
Ghana  and  the  other  Gabon  and  Zaire.  It  has  been  estimated  that  in 
these  areas,  as  many  as  25%  of  all  newborns  are  AS  heterozygotes. 
In  African-Americans,  the  frequency  of  AS  heterozygotes  ranges 
from  7-10%.  (16) 

The  sickle  hemoglobin  gene  is  also  quite  common  in  East 
Central  India  and  in  the  north  eastern  region  of  Saudi  Arabia  (the 
Shia  Oasis).  Historical  evidence  suggests  that  the  high  prevalence 
of  the  (3s  gene  in  Saudi  Arabia  and  India  may  have  arisen  from 
migrations  out  of  East  Africa.  African  slaves  were  transported  from 
East  Africa  to  the  Persian  Gulf  from  200-1500  A.D.  There  was  also 
active  slave  trading  to  India  from  East  Africa  up  until  the  19th 
century.  The  frequency  of  the  [3s  gene  in  North,  South,  and  Central 
America  as  well  as  the  Caribbean  is  also  linked  to  the  slave  trade 
that  originated  in  West  Africa.  (16) 
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Evidence  for  several  independent  origins  for  the  sickle  cell 
mutation  enhances  epistasis  (i.e.  the  effects  of  linked  and  unlinked 
genes  on  sickle  gene  expression)  as  demonstrated  by  hematological 
differences  between  SS  individuals  from  Benin  and  Senegal  that  have 
different  polymorphism  hap!otypes.(33)  A  map  of  the  various  ps 
polymorphic  sites  has  been  deduced  with  the  use  of  restriction 
enzymes.  These  enzymes  recognize  short,  specific  sequences  of  DNA 
for  cleavage.  The  presence  or  absence  of  a  particular  site  is  denoted 
by  a  +  or  -  sign.  These  haplotype  maps  allow  investigators  to  refer 
to  various  polymorphisms  via  a  simplified  schematic 
representation.  Figure  1  demonstrates  these  various  haplotypes.  A 
previous  study  describes  the  haplotype  ( — ++-+)  in  chromosomes 
from  individuals  from  Nigeria,  the  southwest  of  the  Arabian 
peninsula,  West  Africa,  Jamaica  and  the  U.S.  A  different  haplotype 
(++-++++-)  not  found  in  Africa,  is  seen  in  the  eastern  oases  of  Saudi 
Arabia  and  the  west  and  east  coast  of  India.  The  geographic 
distribution  of  the  Asian  (3s  haplotype  corresponds  to  the 
distribution  of  a  clinically  milder  form  of  homozygous  sickle  cell 
disease  associated  with  high  levels  of  fetal  hemoglobin  (HbF).  (51) 
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II.  THE  PATHOPHYSIOLOGY  OF  SICKLE  CELL  DISEASE 

Under  deoxygenated  conditions  such  as  those  found  in  parts  of 
the  venous  and  capillary  circulation,  sickle  hemoglobin  undergoes 
polymer  formation.  NMR  studies  reveal  that  deoxygenated  sickle 
cells  become  rigid  even  before  they  sickle  and  suggests  that  the 
accumulation  of  polymer  leads  to  decreased  cellular  deformability 
and  vaso-occlusion  at  precapillary  sphincter  levels.  (33) 

As  the  sickle  red  blood  cells  course  through  the  circulatory 
system  they  undergo  cellular  dehydration  and  acquire  a  high  MCHC 
and  cell  density.  As  sickle  cells  undergo  deoxygenation  they 
experience  potassium  leakage,  and  calcium  influx  and  achieve  a 
"sickle"  shape.  As  this  occurs,  intracellular  water  is  also  lost  in  an 
attempt  to  reestablish  osmotic  balance.  (33) 

Several  hypotheses  have  been  formulated  to  explain  the  volume 
loss  seen  in  sickle  cells.  They  are  as  follows: 

1 )  The  phase  transition  of  Hb  S  induces  a  direct  volume 
difference  between  cells. 

2)  Hemoglobin  gelation  leads  to  decreased  osmotic  pressures. 

3)  Membrane  stretching  during  sickling  may  lead  to  a  disturbance 
in  the  cation  homeostatic  state. 

Since  HbS  occupies  the  same  volume  in  the  gel  and  sol  phases  and 
the  production  of  polymer  and  its  effects  on  osmotic  pressure  do  not 
sufficiently  account  for  the  volume  loss  seen,  the  later  hypothesis 
involving  membrane  stretching  appears  to  be  the  most  scientifically 
sound  of  the  three  theories.  (33) 

In  1940,  Drs.  Ham  and  Castle  proposed  that  a  "vicious  cycle  of 
erythrostasis"  explained  the  clinical  nature  of  sickle  cell  disease. 
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They  hypothesized  that  the  dehydration  and  polymerization  of 
hemoglobin  S  in  sickle  cells  results  in  rheologic  abnormalities  that 
are  thought  to  account  for  the  vaso-occlusion,  painful  crises,  tissue 
infarction  and  chronic  hemolytic  anemia  seen  in  sickle  cell  patients. 
The  rheologic  impairment  of  sickle  cells  is  due  to: 

1 )  Poor  deformability  of  sickle  cells. 

2)  Concentration  of  sickle  cells  in  blood. 

3)  The  increased  adhesiveness  of  sickled  cells  to  capillary 
endothelial  cells. 

4)  The  effects  of  sickled  cells  on  whole  blood  viscosity. 

Although  the  theory  of  the  "vicious  cycle  of  erythrostasis" 

remains  to  be  proven  scientifically,  it  has  generally  been  accepted 
that  vaso-occlusion  is  the  main  culprit  responsible  for  the  clinical 
manifestations  of  sickle  cell  disease. (33) 


III.  CLINICAL  MANIFESTATIONS  OF  SICKLE  CELL  DISEASE 


Individuals  with  sickle  cell  anemia  are  usually  well  at  birth 
and  become  symptomatic  between  six  months  and  twelve  months  of 
age.  By  ten  to  twelve  weeks  of  age,  red  blood  cell  sickling, 
hemolytic  anemia  and  increased  levels  of  reticulocytosis  becomes 
apparent  in  sickle  cell  patients.  Infants  with  SS  disease  may  appear 
clinically  well  since  the  major  hemoglobin  present  at  birth  and  for 
several  months  after  birth  is  HbF.  (33)  In  children,  the  clinical 
effects  of  sickle  cell  disease  are  usually  acute  and  infectious  in 
nature.  However,  adults  with  sickle  cell  disease  tend  to 
demonstrate  chronic  organ  related  damage  from  uncontrolled 
sickling.  (78) 

Studies  designed  by  Scott  et  al.,  Ferguson  et  al . ,  Porter  et  al . , 
and  others  examined  the  clinical  manifestations  of  sickle  cell 
disease  during  the  first  year  of  life.  Generalized  dactylitis  (hand- 
foot  syndrome),  infectious  diseases  and  splenic  sequestration  crises 
were  noted  as  major  areas  of  clinical  difficulty.  (78) 

Splenic  sequestration  crisis  can  be  life  threatening.  During 
these  episodes,  children  with  progressive  splenomegaly  become 
severely  anemic  in  the  presence  of  actual  or  imminent  shock.  It  has 
been  theorized  that  the  splenic  sequestration  crisis  involves  an 
accumulation  of  blood  in  the  spleen.  (16) 

Pearson  and  O'Brien  have  found  that  sickle  cell  patients 
demonstrate  changes  in  the  reticuloendothelial  function  of  the 
spleen  during  the  first  year  of  life.  Children  with  sickle  cell  anemia 
often  have  splenomegaly  by  five  to  six  months  of  age.  As  the  spleen 
size  increases,  there  is  decreased  phagocytic  activity  of  the 


reticuloendothelial  cells  in  the  spleen,  demonstrated  by  isotopic 
techniques  which  reveal  elevated  numbers  of  "pocked"  RBCs  in  the 
bloodstream.  This  leads  one  to  conclude  that  children  with  sickle 
cell  disease  experience  a  type  of  functional  asplenia  as  they  mature. 
In  African  and  American  sickle  cell  patients  it  is  typical  to  find  that 
splenic  infarction  has  occurred  in  older  children  (>  7  years  of  age) 
and  adults.  (78) 

Children  with  sickle  cell  anemia  have  an  increased 
susceptibility  to  contracting  infectious  diseases.  Immunologic 
defects  in  the  alternate  complement  pathway  of  sickle  cell  anemia 
patients  leads  to  slow  chemotaxis  and  inefficient  phagocytosis  by 
polymorphonuclear  leukocytes.  These  factors  as  well  as  the 
functional  asplenia  exhibited  by  patients  with  sickle  cell  anemia 
most  likely  account  for  the  increased  prevalence  of  infectious 
processes  in  this  group.  (78)  Incidents  of  sudden  death  in  children 
with  sickle  cell  anemia  are  often  due  to  overwhelming 
pneumococcal  septicemia.  (78) 

The  sickle  cell  crisis  is  the  hallmark  of  sickle  cell  disease  and 
is  characterized  by  excruciating  pain  in  the  back,  extremities,  chest 
and/or  abdomen.  Events  that  provoke  painful  crises  still  remain 
unclear;  however  these  crises  are  often  preceded  by  infection, 
dehydration,  physical  or  emotional  stress.  (94) 

The  hemolytic  anemia  caused  by  Hb  SS  is  usually  moderate  and 
often  is  overestimated  due  to  plasma  volume  expansion.  The  anemia 
in  and  of  itself  is  not  a  significant  determinant  of  disease  severity. 
The  subsequent  marrow  expansion,  hyperplasia  of  erythroid  marrow 
and  increased  turnover  of  bile  pigments  (and  its  clinical 


consequences  of  cholelithiasis)  are  problems  encountered  in  all 
types  of  hemolytic  anemias.  With  proper  medical  management  these 
conditions  can  be  compatible  with  a  fairly  normal,  comfortable,  long 
life.  The  vaso-occlusive  effects  of  sickle  cell  anemia  and 
subsequent  damage  to  vital  organs  plays  the  major  role  in 
determining  the  degree  of  morbidity  and  mortality  associated  with 
the  disease.  (94) 

The  acute  chest  syndrome  which  presents  with  intense  onset 
of  fever,  leukocytosis,  pain  on  inspiration  and  expiration,  dyspnea 
and  cough  is  a  common  cause  of  hospitalization  in  sickle  cell 
patients.  Methods  to  accurately  distinguish  between  micro- 
infarctive  events  and  infectious  processes  in  the  pulmonary  system 
have  yet  to  be  developed.  (16) 

Patients  with  sickle  cell  disease  may  also  experience 
neurological  deficits  and  seizures  as  a  result  of  a  cerebrovascular 
accident.  Children  with  sickle  cell  disease  also  have  delayed  growth 
and  development.  Adults  with  sickle  cell  anemia  commonly  exhibit 
chronic  organ  damage  that  is  most  pronounced  in  the  spleen,  heart, 
lungs,  kidneys,  eyes  and  bones. 

The  major  renal  complications  of  sickle  cell  disease  are 
uremia,  hyposthenuria,  nephrotic  syndrome,  and  hematuria.  (77) 
Microinfarction  of  the  renal  papillae  can  cause  a  loss  of  the  ability 
to  concentrate  and  dilute  urine.  This  isosthenuria  in  turn  leads  to 
zinc  deficiency  and  wasting.  (10)  Such  organ  system  failure  can  in 
turn  become  life  threatening. 

The  lifetime  prognosis  of  patients  of  sickle  cell  disease  in  the 
U.S.  is  not  known.  In  1970,  Scott  calculated  a  median  expected 
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survival  of  20  years  of  age  using  data  from  the  U.S.  Bureau  of  Vital 
Statistics.  Today,  therapeutic  interventions  aimed  at  preventing 
dehydration,  maintaining  fluid  balance  and  halting  the  spread  of 
infections  has  not  made  it  unusual  for  sickle  cell  patients  in 
industrialized  nations  to  survive  into  and  beyond  the  third  and  fourth 
decades.  (16) 


IV.  CLINICAL  HETEROGENEITY  IN  THE  SICKLE  CELL  SYNDROMES 


One  of  the  most  striking  features  about  sickle  cell  anemia  is 
the  broad  spectrum  of  clinical  severity  seen  in  affected  patients. 
For  example,  some  patients  are  incapacitated  by  recurrent  episodes 
of  painful  crises  and  ensuing  organ  damage  while  other  patients 
with  the  same  apparent  phenotypic  expression  of  HbS  disease,  have, 
with  the  exception  of  their  hemolytic  anemia  only  mild  and 
inconsequential  clinical  sequela.  (94)  The  co-inheritance  of  a  gene 
for  a-thalassemia  or  elevated  levels  of  HbF  (i.e.  hereditary 
persistence  of  fetal  hemoglobin  -  HPFH)  have  been  proposed  as 
factors  modulating  the  clinical  severity  of  sickle  cell  anemia. 

Thalassemia  is  a  genetic  disorder  that  leads  to  a  defect  in  the 
production  of  one  or  more  of  the  globin  polypeptide  chains  of 
hemoglobin.  This  defect  in  turn  leads  to  absent  or  decreased 
synthesis  of  the  affected  chain.  The  red  blood  cells  of  affected 
individuals  tends  to  be  hypochromic  (low  intracellular  hemoglobin 
concentration)  and  microcytic  (smaller  than  normal). 

Co-inheritance  of  a  gene  for  HbS  and  for  (3-thalassemia 
sometimes  results  in  a  milder  clinical  course  than  that  experienced 
by  patients  with  the  SS  phenotype.  (16)  The  effects  of  a- 
thalassemia  on  disease  severity  in  sickle  cell  anemia  remains 
uncertain.  It  has  been  suggested  that  the  effects  of  hypochromia  on 
viscosity  of  blood  or  the  diminution  of  internal  viscosity  of  the  red 
blood  cells  as  a  result  of  decreased  mean  HbS  concentration  are 
possible  means  by  which  mild  symptoms  of  HbSS  are  produced.  (32) 

Alpha-thalassemia  is  made  up  of  four  "classic"  syndromes: 


1 )  Alpha-thalassemia-2-trait  is  very  common  in  Blacks,  (with  a 
frequency  of  15-20%  in  some  populations).  In  this  condition, 

all  four  a  globin  gene  loci  fail  to  operate  correctly. 

2)  Alpha-thalassemia-1 -trait  is  a  condition  in  which  there  are 
two  dysfunctional  gene  loci. 

3)  In  HbH  disease  three  dysfunctional  a  globin  gene  loci  are 
present. 

4)  In  Hb  Bart's,  hydrops  fetalis  is  often  seen,  as  a  result  of  a 
defect  in  all  four  alpha  globin  gene  loci. 

Although  the  above  syndromes  are  classically  caused  by 
deletion  of  one,  two,  three  or  all  four  of  the  a  globin  genes,  non¬ 
deletion  forms  of  a-thalassemia  also  occur.  (10) 

The  effect  of  a-thalassemia  on  disease  severity  of  sickle  cell 
anemia  remains  unproven.  One  study  performed  by  Dr.  Mears  and  his 
colleagues  provided  for  the  analysis  of  the  alpha  gene  deletions  by 
restriction  endonuclease  mapping  of  DNA  from  Black  Americans  and 
Africans.  It  was  demonstrated  that  subjects  with  sickle  cell 
anemia  possess  chromosomes  bearing  a  gene  deletions  in  greater 
numbers  than  normals  or  individuals  with  sickle  trait.  They  also 
concluded  that  a  gene  deletions  that  cause  a-thalassemia  allow  for 
prolonged  survival  in  individuals  with  sickle  cell  anemia.  Higgs  et 
al. ,  were  unable  to  demonstrate  increased  survival  associated  with 
co-inheritance  of  HbS  and  a-thalassemia.  (40) 

However,  the  investigators  note  that  it  is  not  clear  if  the  co¬ 
inheritance  of  sickle  cell  anemia  and  a-thalassemia  trait  leads  to  a 
milder  clinical  course  (fewer  and  less  severe  crises)  in  affected 
individuals.  (56) 
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In  hereditary  persistence  of  fetal  hemoglobin  (HPFH), 
morphologically  normal  red  blood  cells  in  individuals  who  are 
heterozygous  for  the  causative  mutation  can  have  HbF  levels  as  high 
as  20-30%.  Individuals  who  are  homozygous  for  HPFH  can  produce  up 
to  100%  HbF.  In  1961,  Jackson  et  al.  evaluated  sixty-one  patients 
with  sickle  cell  anemia  for  clinical  severity.  Using  a  pathologic 
index  rating,  they  found  that  38  patients  whose  erythrocytes 
contained  12%  or  more  HbF  had  a  significantly  lower  pathologic 
index  rating  compared  to  23  patients  whose  red  blood  cells 
contained  little  HbF.  They  concluded  that  the  increased  amounts  of 
HbF  protected  red  blood  cells  from  sickling  and  thus  decreased  the 
degree  of  severity  of  sickle  cell  anemia.  (46) 


V.  HEMOGLOBIN  SWITCHING 


The  mechanism  by  which  red  blood  cells  switch  from  synthesis 
of  HbF  to  HbA  during  the  neonatal  period  had  been  the  subject  of 
much  study  and  interest.  By  clarifying  the  means  by  which 
hemoglobin  switching  occurs,  we  may  be  able  to  elucidate  the 
developmental  regulation  of  gene  expression  as  well  as  determine 
means  of  reactivating  or  preventing  suppression  of  gamma  globin 
gene  expression.  As  elevated  HbF  levels  have  been  linked  to  milder 
clinical  courses  in  sickle  cell  disease  and  thalassemia,  a  potential 
form  of  gene  or  pharmacological  therapy  may  be  developed  based  on 
an  understanding  of  hemoglobin  switching. 

During  the  last  six  months  of  gestation,  fetal  red  blood  cells 
contain  mostly  HbF.  As  the  first  year  of  life  progresses,  the  infant's 
red  blood  cells  contain  predominantly  HbA.  Adult  red  blood  cells 
contain  mostly  HbA  with  small  amounts  of  HbF  and  HbA2-  (92) 

Figure  2  is  a  schematic  representation  of  the  human  globin 
gene  clusters  and  an  indication  of  when  particular  hemoglobin  types 
are  produced  in  the  course  of  human  development.  HbF  is  composed 
of  two  gamma  chains  and  two  alpha  chains.  There  exists  two  y 
globin  genes,  Gy  and  Ay.  The  Gy  gene  encodes  for  glycine  at  position 
136  and  the  Ay  gene  encodes  for  an  alanine  residue  at  this  position. 
During  fetal  development,  the  Gy  to  Ay  ratio  is  3:1  in  RBCs.  As  the 
hemoglobin  switch  occurs  in  the  perinatal  period  leading  to 
increased  synthesis  of  HbF  the  Gy  to  Ay  ratio  changes  from  2:3  (the 
ratio  seen  in  adult  RBCs)  (92) 

The  exact  mechanism  that  regulates  the  normal  switch  from  y 
to  (3  globin  gene  expression  remains  unknown.  However,  it  appears 


that  the  switch  is  controlled  more  by  a  developmental  clock  and 
gestational  age  than  by  intrauterine  or  environmental  factors,  as 
prematurity  has  little  effect  on  the  process.  (16)  Some  modulation 
of  the  process  can  occur  as  in  intrauterine  growth  retardation 
(IUGR),  maternal  anoxia,  and  hyperinsulinism  secondary  to  maternal 
diabetes  mellitus  in  which  there  seems  to  be  some  delay  in  the 
switch.  Also,  in  some  cases  of  Down's  syndrome  (Trisomy  21)  and 
the  C/D  chromosomal  translocation  syndrome,  there  appears  to  be  an 
acceleration  of  the  hemoglobin  switch.  (16) 

Several  hypotheses  exist  for  the  mechanism  of  the  fetal 
switch: 

-Clonal  model:  hemoglobin  switch  occurs  due  to  a  progressive 
replacement  of  cells  derived  from  a  fetal  stem  cell  lineage  by 
cells  derived  from  an  adult  stem  cell  lineage. 

-Adult  vs.  fetal  erythroid  cell  expression  is  regulated  by 
changes  in  the  degree  of  DNA  hypomethylation  and  DNAase  I 
hypersensitivity  of  the  5'  flanking  region  of  DNA  of  both  the 
gamma  and  beta  globin  genes. 

-Regulatory  DNA  sequences  on  the  inter-  y/5  gene  region  may 
be  responsible  for  the  fetal  to  adult  hemoglobin  switch. 

(16) 

During  fetal  development,  the  y  and  p  genes  are  expressed 
simultaneously.  At  the  beginning  of  the  liver  stage  of 
erythropoiesis  (weeks  5-20  of  gestation),  the  y  gene  is 
approximately  fifty  times  more  active  than  the  p  gene.  By  week  30- 
33,  p  chain  synthesis  slowly  increases  to  approximately  ten 
percent  of  y  chain  synthesis.  As  the  rate  of  y  chain  synthesis  falls, 


the  synthesis  of  (3  chains  increases  dramatically.  At  birth,  the 
normal  infant  has  60-80%  HbF  in  its  RBCs.  By  16-20  weeks  of  age, 
HbF  levels  are  approximately  3%.  By  age  two  years,  HbF  levels  are 
usually  that  of  adult  RBCs  -  <  1%.  (91)  In  adults,  hemoglobin  F  is 

found  in  only  a  subpopulation  of  RBCs  (usually  <8%)  referred  to  as  F- 
cells.  While  F-cells  appear  to  express  other  features  of  fetal  red 
blood  cells,  they  are  distinct  form  true  fetal  red  cells.  (102) 

Various  mutations  have  been  associated  with  increased  levels 
of  HbF.  In  deletion  mutations,  there  is  deletion  of  a  portion  of  the  (3 
globin  gene  cluster.  Non-deletion  mutations  reflect  point  mutations 
within  or  outside  of  the  cluster.  Both  types  of  mutations  can  cause 
a  uniform  distribution  of  HbF  (pancellular)  or  a  nonuniform 
distribution  (heterocellular). 

In  heterocellular  distribution  of  HbF,  mutations  can  increase 
the  percentage  of  F-cells  and/or  increase  the  average  amount  of  HbF 
per  F-cell.  These  mutations  can  increase  Gy  globin  gene  expression 
only,  Ay  globin  gene  expression  only  or  both.  Thalassemia  mutations 
can  also  lead  to  the  production  of  hypochromic,  microcytic  RBCs 
with  increased  HbF  production.  When  the  mutation  leads  to 
morphologically  normal  cells  associated  with  increased  HbF  levels 
in  heterozygous  individuals,  the  condition  is  known  as  hereditary 
persistence  of  fetal  hemoglobin  (HPFH).  (92) 

Increased  production  of  HbF  can  also  be  observed  during 
episodes  of  erythropoietic  stress  (as  in  recovery  from 
chemotherapy,  bone  marrow  transplantation  and  chronic  congenital 
hemolytic  anemias).  For  example,  acute  hemolysis  results  in 
increased  F-cell  production,  although  required  or  congenital  chronic 
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hemolytic  anemias  are  rarely  associated  with  significant  elevation 
in  HbF  levels.  Also,  in  severe  untreated  iron  deficiency  the  F-cell 
levels  is  within  normal  limits.  After  iron  replacement  there  is  a 
marked  increase  in  reticulocyte  response  which  in  turn  leads  to 
erythroid  expansion  and  the  preferential  production  of  F-cells.  How 
accelerated  erythropoiesis  leads  to  increased  F-cell  production 
remains  a  mystery.  One  theory  is  that  during  erythropoietic  stress 
there  is  an  increased  chance  of  premature  commitment  of  early 
erythrocyte  progenitors  which  can  lead  to  an  increase  in  F-cell 
production.  (92)  In  support  of  this  idea  is  the  observation  that  in 
acutely  anemic  baboons  F-reticulocyte  levels  are  low.  After  a  few 
days  the  F-reticulocyte  levels  increase.  When  the  baboon  becomes 
chronically  anemic  the  proportion  of  F-reticulocytes  decrease 
despite  persistent  reticulocytosis.  This  is  thought  to  occur  due  to 
the  expansion  of  the  erythron  which  allows  reticulocytosis  to  occur 
with  less  disruption  of  erythropoiesis  and  subsequently  less 
probability  of  increased  F-cell  formation.  (92) 

Demonstrated  stimulation  of  HbF  synthesis  in  vitro  using  bone 
marrow  cultures  from  adults  by  Papayannopoulou  et  al.  indicates 
that  the  HbF  to  HbA  switch  is  reversible  and  that  induction  of  fetal 
hemoglobin  synthesis  in  the  adult  is  possible.  By  using  antibodies 
and  immunofluorescent  labeling  these  investigators  were  able  to 
gather  evidence  for  a  cellular  restriction  of  HbF.  In  a  given  HbF 
colony,  all  the  cells  reacted  to  fluorescent  antibody  with  the  same 
degree  of  intensity  regardless  of  colony  size.  It  thus  seems 
probable  that  all  the  cells  were  programmed  to  have  similar  levels 
of  y  chain  formation.  This  suggests  that  the  signal  for  turning  on  y 


chain  synthesis  is  present  on  the  original  stem  cells  from  which 
colonies  are  derived.  (68) 

The  premise  that  y  gene  expression  is  dependent  on  erythroid 
stem  cell  differentiation  and  is  characteristic  of  early  erythroid 
cells  was  further  supported  by  a  study  by  TH.  Papayannopoulou  et  al. 
in  which  erythroid  colonies  derived  from  primitive  erythroid 
precursors  demonstrated  consistent  activation  of  HbF  synthesis.  It 
appears  that  this  property  is  lost  when  erythroid  precursors  of  the 
adult  further  differentiate  in  vivo.  These  findings  suggest  that  the 
use  of  erythroid  progenitor  cells  may  provide  a  useful,  early 
accessible  model  for  studying  the  regulation  of  globin  gene 
expression.  (70) 
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VI.  SICKLE  CELL  DISEASE  IN  SAUDI  ARABIA 

Dr.  H.  Lehman  and  associates  were  the  first  to  describe  the 
high  prevalence  of  the  sickle  cell  gene  in  Saudi  Arabia.  Their 
analysis  of  more  than  1000  blood  samples  from  employees  of  the 
Arab-American  Oil  Company  (ARAMCO)  in  Danman  revealed  that  10- 
25%  of  the  people  residing  in  the  eastern  province  of  Saudi  Arabia 
had  sickle  cell  trait.  (53) 

Sickle  cell  disease  in  the  eastern  province  of  Saudi  Arabia  is 
characterized  by  a  relatively  mild  clinical  course  which  appears  to 
be  due  to  the  elevated  HbF  levels  seen  in  this  population.  It  has  been 
suggested  that  this  group  of  patients  with  mild  sickle  cell  disease 
may  serve  as  a  model  for  understanding  what  clinical  sequela  may  be 
ameliorated  via  manipulation  of  HbF  production  after  birth. 

In  1979,  Perrine  et  al.  described  the  presence  of  mean  HbF 
levels  of  22-26%  in  Saudi  Arabian  children  and  adults.  They  also 
demonstrated  the  presence  of  higher  levels  of  HbF  during  the  first 
few  years  of  life  in  these  patients.  They  found  a  mean  level  of  HbF 
of  32%,  even  after  the  age  of  three.  In  contrast,  in  most  other 
sickle  cell  populations,  HbF  levels  fall  more  slowly  after  birth  than 
normally  but  tends  to  be  less  than  15%  by  age  one  and  less  than  9% 
by  age  three.  Forty-two  patients  with  sickle  cell  disease  were 
studied  along  with  matched  controls,  for  clinical  complications 
specific  for  sickle  cell  disease.  They  found  that  vaso-occlusive 
crises  were  rare  and  generally  slight  in  nature.  Two  patients 
suffered  from  hand-foot  syndrome.  Hypoplastic  crises  in  one  patient 
were  severe  enough  to  warrant  blood  transfusions.  There  was  no 
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were  severe  enough  to  warrant  blood  transfusions.  There  was  no 
case  of  acute  splenic  sequestration  crisis.  One  patient  had 
osteomyelitis  and  one  had  salmonella  septicemia.  Fourteen  of  the 
42  patients  with  sickle  cell  disease  were  hospitalized  during  the 

first  three  years  of  life  compared  to  6  of  the  controls.  The  most 

common  causes  of  hospitalization  in  the  sickle  cell  patients  were 
respiratory  infections  and  gastroenteritis.  Clinical  assessment  of 
growth  and  development  were  within  normal  ranges  and  did  not  show 
significant  differences  from  controls.  There  were  two  deaths 
reported.  One  child  died  apparently  from  septicemia  at  age  25 
months.  Another  child  died  at  age  35  months  from  what  probably 
was  gastroenteritis.  (75) 

Of  interest  is  the  apparent  preservation  of  splenic  function  in 
Saudi  Arabian  children  with  sickle  cell  disease.  The  presence  of 
Howell-Jolly  bodies  is  thought  to  be  a  reliable  indicator  of  loss  of 

splenic  function.  Only  one-sixth  of  Saudi  infants  with  HbSS  had 

Howell-Jolly  bodies  when  studied  at  18  months  and  older  (mean  age 
of  44  months).  After  age  one,  patients  of  African  descent  with  HbSS 
were  reported  to  have  lost  their  splenic  function  in  two-thirds  to 
four-fifths  of  cases.  (75)  This  fact  may  help  explain  the  difference 
in  mortality  rates  during  the  first  two  years  of  life:  reported  as  13% 
for  Jamaicans  and  zero  for  the  Saudi  Arabians  with  sickle  cell 
disease.  (75) 

Saudi  Arabians  with  HbSS  are  34  times  more  likely  to  get 
pneumococcal  meningitis,  and  8  times  more  likely  to  get  bacterial 
meningitis  than  the  general  population.  However,  Blacks  in  Miami 


with  HbSS  have  a  relative  risk  of  309  for  all  bacterial  meningitis 
and  579  for  pneumococcal  meningitis.  (74) 

When  the  mortality  rates  of  216  Saudi  Arabs  was  compared 
with  that  of  207  Chicago  Blacks  they  were  found  to  be  0.9%  in  eight 
years  and  9.1%  in  five  years  respectively.  Sickling  related 
complications  occurred  less  often  than  seen  in  comparable  groups  of 
Blacks  with  HbSS  from  the  U.S.  or  Caribbean.  For  example,  none  of 
the  Saudi  Arabians  studied  by  Perrine  and  his  associates  in  1978  had 
a  history  of  leg  ulcers  while  44%  of  the  American  or  Jamaican 
Blacks  did.  Eight  percent  of  the  Blacks  age  10-19  had  femoral  head 
necrosis  compared  to  4.4%  of  the  Saudi  Arabians  in  the  same  age 
group.  Six  percent  of  Blacks  had  a  history  of  pneumococcal 
meningitis  and  10%  had  a  history  of  bacterial  meningitis.  In 
contrast,  1.5%  of  Saudi  Arabs  had  pneumococcal  meningitis  and  2.6% 
had  bacterial  meningitis.  (74) 

As  in  American,  African  and  Caribbean  Blacks,  a  wide  spectrum 
of  clinical  severity  is  seen  in  Saudi  Arabians  with  sickle  cell 

disease.  However,  the  overall  clinical  course  of  the  disease  is 

milder.  Death  was  found  to  be  rare  in  early  childhood.  The  few 
deaths  that  have  occurred  in  adolescents  and  adults  from  infectious 
causes  may  reflect  slower  pathological  damage  to  vital  organs; 
especially  delayed  splenic  atrophy.  Many  patients  have  splenomegaly 
into  adult  life  -  a  factor  which  may  or  may  not  be  influencing 

susceptibility  to  infection.  (74) 

M.A.F  El-Hazmi  et  al.  in  their  study  of  Saudi  Arabians  with  Hb 
SS  found  that  some  patients  with  low  HbF  levels  have  mild 

symptoms,  while  others  with  high  HbF  have  more  severe  clinical 
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manifestations,  indicating  that  some  other  factors  are  involved  in 
ameliorating  sickle  cell  disease  in  Saudi  Arabians.  (32) 

Karim  Kamel  studied  11  patients  with  homozygous  sickle  cell 
anemia  who  were  non-Sheeah  Arabs  from  the  south  eastern  coast  of 
the  Arabian  peninsula  and  discovered  that  they  had  elevated  HbF 
levels  ranging  from  8-18%,  with  a  mean  of  11.9%.  However,  he  found 
no  significant  correlation  between  a  patient's  HbF  level  and  the 
patient's  clinical  manifestations.  He  proposes  that  intermixing  of 
the  African  sickle  gene  in  this  population  is  a  possible  explanation 
for  the  clinical  diversity  observed.  (47) 

El-Hazmi  also  studied  sickle  cell  disease  in  Arabia  and  found 
elevated  levels  of  HbF.  The  HbF  was  unevenly  distributed  among  red 
blood  cells  (heterocellular  distribution).  He  proposed  that  acquired 
anemias  such  as  iron  deficiency  or  pernicious  anemias  may  lead  to 
low  hemoglobin  concentrations  that  produce  a  new  steady  state  in 
which  there  are  less  frequent  painful  crises  occurring.  (30)  Thus, 
genetic  and  acquired  conditions  may  allow  for  the  clinical  diversity 
seen  in  sickle  cell  disease. 

An  examination  of  53  children  from  the  Saudi-Arabian  south 
western  province  with  sickle  cell  disease  by  El-Hazmi  et  al. 
revealed  some  interesting  findings.  HbF  distribution  revealed 
marked  variation  from  1.0%  to  25%  with  a  mean  of  10%. 
Hematological  parameters  did  not  show  any  statistically  significant 
differences  between  subgroups  with  low  HbF  (less  than  5%,  5-10%) 
and  high  (greater  than  10%)  HbF.  This  suggests  that  the  HbF  level  is 
not  the  only  factor  influencing  hematological  parameters  in  patients 
with  sickle  cell  disease  from  the  south  western  province  of  Saudi 
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Arabia.  Patients  also  demonstrated  a  high  frequency  of  co¬ 
inheritance  of  alpha  and  beta-thalassemia,  and  G-6PD  deficiency.  It 
was  found  that  total  hemoglobin,  RBC  count  and  PCV  had  a  higher 
mean  value  in  sickle  cell  patients  with  alpha  or  beta  thalassemia 
compared  to  those  without  thalassemia.  Red  cell  indices  (MCV, 
MCHC,  MCH)  were  significantly  lower  in  sickle-thalassemia  patients 
but  fetal  hemoglobin  levels  did  not  show  any  statistical 
significance.  (31) 

Clinical  manifestations  of  sickle  cell  disease  in  the  south 
western  province  of  Saudi  Arabia  were  found  to  be  severe.  All  of 
the  children  were  anemic.  85.4%  had  received  blood  transfusions  and 
of  these  43.9%  had  several  blood  transfusions.  Seventy-eight 
percent  demonstrated  splenomegaly  and  65.8%  had  hepatomegaly. 
One  patient  had  undergone  splenectomy.  (31) 

A  new  finding  in  sickle  cell  disease  patients  in  Saudi  Arabia 
was  the  presence  of  hand-foot  syndrome  in  34.1%  of  the  children 
studied  from  the  south-western  province.  Vaso-occlusive  crises 
were  fairly  common,  occurring  in  75.6%  of  those  studied.  Hemolytic 
crises  were  seen  in  19.5%  and  infective  crises  in  9.7%  of  those 
studied.  Interestingly,  the  presence  of  high  HbF  levels,  alpha  or  beta 
thalassemia  or  G-6PD  deficiency  did  not  appear  to  ameliorate  the 
clinical  manifestations  of  sickle  cell  disease  in  the  same  way  they 
appear  to  in  the  sickle  cell  population  in  the  eastern  province; 
although  co-inheritance  of  alpha  or  beta  thalassemia  did  improve 
hematological  parameters.  (31) 
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The  presence  of  a  clinically  severe  form  of  sickle  cell  disease 
in  the  Saudis  that  resembles  the  clinical  course  in  Black  Africans 
and  Americans  suggests  the  presence  of  a  different  sickle  gene  in 
these  patients  or  the  possibility  that  genetic  and/or  environmental 
factors  that  help  produce  a  mild  sickle  cell  disease  in  the  eastern 
province  are  absent  in  the  south  western  province  of  Saudi  Arabia. 
(31) 

Red  blood  cells  in  patients  with  sickle  cell  disease,  that  have 
increased  amounts  of  HbF  tend  to  have  increase  survival  rates.  It 
has  been  suggested  that  the  lower  levels  of  HbF  (usually  5-10%)  that 
occurs  in  Blacks  with  HbSS  is  probably  due  to  the  differential 
survival  of  cells  with  HbF,  rather  than  an  actual  increase  in  HbF 
synthesis.  (74) 

Nonetheless,  attempts  to  draw  connections  between  clinical 
severity  and  HbF  levels  have  led  to  ambiguous  results  because  it  is 
difficult  to  objectively  define  clinical  severity  and  other  genetic, 
environmental  and  physiological  factors  affecting  clinical  status  . 

Wood  et  al.,  studied  HbF  synthesis  in  Saudi  Arabian  and  African 
sickle  cell  patients  in  an  attempt  to  determine  if  the  increased 
level  of  HbF  seen  in  the  former  group  was  due  to  the  selective 
survival  of  cells  with  HbF  or  a  true  increase  in  y  chain  production. 

Experiments  conducted  in  vitro  and  in  vivo  have  shown  that 
cells  containing  HbF  have  a  longer  survival  in  the  circulation  than 
cells  without  HbF.  This  is  thought  to  be  due  to  the  inhibitory  effect 
that  HbF  has  on  the  sickling  process  of  HbS  molecules  leading  to  a 
reduction  in  the  number  of  red  blood  cells  that  become  irreversibly 
sickled  cells.  (16) 
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Using  single  cell  immunodiffusion,  Dover  et  al.  found  no 
significant  correlation  between  the  amount  of  HbF/F-cell  and  the 
number  of  F-cells.  Thus,  the  amount  of  HbF/F-cell  may  be  an 
independent  variable  which  also  contributes  to  the  overall  levels  of 
HbF.  (28)  Later  studies  revealed  that  the  synthesis  of  y  chains  was 
considerably  lower  than  the  levels  of  HbF  in  African  and  Saudi 
Arabian  cases;  suggesting  an  increased  role  for  the  selective 
survival  of  F-cells  in  sustaining  increased  HbF  levels.  (102) 

In  1987,  M.A.F.  El-Hazmi  and  associates  studied  285  males 
and  432  females  from  Al-Hafout,  Al-Qateef  and  neighboring  villages 
in  the  eastern  province  of  Saudi  Arabia.  In  the  55  SS  homozygotes 
studied  there  were  no  cases  of  leg  ulceration,  or  hand-foot 
syndrome.  Abdominal  pain  and  pain  in  the  bones  and  joints  appeared 
to  be  one  common  complaint.  Almost  70%  of  the  SS  patients  had 
received  blood  transfusions  although  actual  sickle  cell  crises  were 
noted  as  being  "rare."  Fifty-six  percent  had  anemia,  36%  had 
hepatomegaly,  45%  had  splenomegaly  and  osteomyelitis  was  seen  in 
45%  of  the  cases  studied.  The  data  for  the  individuals  homozygous 
for  the  sickle  cell  gene  revealed  variation  in  the  clinical  and 
hematological  data;  some  individuals  exhibited  chronic  anemia  and 
others  almost  normal  values  for  Hb,  RBC  and  PCV.  Co-inheritance  of 
a-thalassemia  has  been  suggested  as  a  possible  modifier  of  the 
clinical  sequela  of  sickle  cell  disease.  The  theory  is  that 
hypochromia  may  cause  a  decrease  in  viscosity  of  blood  or  in  the 
internal  viscosity  of  the  red  cell  due  to  decreased  mean  cell  Hb  SS 
concentration  and  subsequently  resulting  in  decreased  intravascular 
sickling  and  mild  symptoms.  (32) 


Pembrey  et  al.  measured  HbF  levels  in  137  normal  individuals, 
109  sickle  trait  individuals  and  237  individuals  homozygous  for 
sickle  cell  disease.  The  HbF  found  had  a  heterocellular  distribution. 
(73) 

Using  the  premise  that  the  level  of  HbF  in  the  peripheral  blood 
is  a  result  of  the  rate  of  HbF  synthesis  and  differential  destruction 
of  F-cells  and  non  F-cells,  investigators  sought  to  evaluate  the 
roles  of  coexistent  a-thalassemia  and/or  G-6PD  deficiency  in 
increasing  HbF  levels.  If  the  high  levels  of  HbF  in  Saudi  Arabs  with 
sickle  cell  disease  was  due  largely  to  the  concentration  of  F-cells  in 
the  peripheral  blood  there  would  exist  a  positive  correlation 
between  the  rate  of  hemolysis  and  HbF  level.  The  opposite  was 
shown  -  an  inverse  correlation  between  HbF  level  and  the 
reticulocyte  count.  Thus,  the  increased  level  of  HbF  was  thought  to 
be  primarily  due  to  increased  synthesis  of  HbF  which  in  turn 
decreased  hemolysis  by  inhibiting  cell  sickling.  Alpha-thalassemia 
and  G-6PD  deficiency  were  also  shown  to  have  little  effect  on 
promoting  high  levels  of  HbF  (73) 

The  heterocellular  distribution  of  HbF  and  low  levels  of  HbF 
found  in  normal  (AA)  individuals  and  individuals  with  sickle  cell 
trait  (AS)  excludes  the  pancellular,  Negro  and  Greek  forms  of  HPFH 
as  possible  explanations  for  the  increased  levels  of  HbF  seen  in 
Saudi  Arabians  with  sickle  cell  disease.  Population  surveys  have 
revealed  little  difference  in  HbF  levels  in  normal  and  sickle  trait 
individuals  of  Arabian  or  African  descent.  Low  levels  of  HbF  in 
normal  and  AS  individuals  excludes  the  possibility  of  a  co-dominant 
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heterocellular  HPFH  gene  in  linkage  disequilibrium  with  the  sickle 
gene.  (73) 

Another  possibility  is  that  there  is  present  a  truly  recessive 
HPFH  gene  which  is  in  linkage  disequilibrium  with  the  sickle  gene. 
This  hypothesis  would  prove  to  be  true  if  individuals  from  the  Saudi 
Arabian  oasis  population  with  sickle  p°-thalassemia  have  similar 
high  levels  of  HbF.  (72) 

Using  a  radioimmunoassay  to  assess  the  amount  of  HbF 
produced  in  vitro  by  erythroid  progenitor-derived  erythroblasts, 
investigators  have  sought  to  determine  the  basis  of  increased  HbF. 
Results  of  this  study  revealed  that  HbF  synthesis  is  a  major 
contributor  to  increased  HbF  levels  in  Saudi  Arabians  with  sickle 
cell  anemia.  The  findings  also  suggest  that  the  high  HbF  levels  are 
inherited  from  at  least  one  parent  but  its  expression  requires 
increased  erythropoiesis.  The  Saudi  Arabian  patients  studied 
consistently  had  an  increased  ratio  of  Gy  to  Ayglobin.  In  contrast, 
80%  of  Black  Americans  with  sickle  cell  disease  have  40%  Gy  and 
60%  Ay  with  only  20%  having  more  Gy  than  Ay.  (59) 

Interestingly,  Miller  and  her  colleagues  found  that  patients 
homozygous  or  heterozygous  for  the  ++-++  haplotype  and  with  the  SS 
phenotype  have  an  increased  level  of  HbF  synthesis.  However, 
homozygosity  for  the  ++-++  haplotype  in  and  of  itself  did  not  appear 
to  control  HbF  levels.  Individuals  heterozygous  for  the  sickle  gene 
and  homozygous  for  ++-++  had  only  modest  elevations  in  HbF.  (58) 

Miller  proposes  that  the  amount  of  HbF  produced  depends  on 
erythropoietic  stress,  the  degree  of  maturation  of  the  progenitor 
cells  and  the  "permissiveness"  of  the  yglobin  gene. 


In  a  follow-up  study,  Miller  studied  55  members  of  five 
families  with  sickle  cell  disease  to  determine  if  the  specific  yp  gene 
cluster  seen  in  these  individuals  could  explain  the  increased  HbF 
levels,  increased  Gy/Ay  ratio  and  elevated  HbF  production  by 
progenitor  derived  erythroblasts.  Starting  with  the  knowledge  that 
most  Saudis  with  sickle  cell  anemia  were  homozygous  for  the 
haplotype  ++-++++-  characterizing  the  p  globin  gene  cluster,  the  y 
globin  gene  region  was  isolated  via  molecular  cloning.  The 
nucleotide  substitution  C->  T  at  position  -158  5'  to  the  Gy  cap  site 

was  recognized  using  restriction  endonucleases.  The  results 
revealed  that  Saudis  homozygous  or  heterozygous  for  the  sickle  gene 
with  a  -158  C->T  substitution,  even  on  one  chromosome,  had  an 
elevated  level  of  Gy  >  50%.  No  significant  differences  were  found 

between  heterozygotes  or  homozygotes  with  the  C->T  substitution 
on  one  or  both  chromosomes.  This  suggests  that  while  an  increase  in 
Gy  globin  may  be  associated  with  the  C->T  substitution  it  does  not 
necessarily  produce  a  measurable  increase  in  total  HbF  production. 
(58) 

Miller  also  found  that  Saudis  with  one  copy  of  the  "common" 
eastern  oasis  haplotype  +++-S  do  not  have  elevated  total  circulating 
HbF  (in  contrast  to  their  African  and  Mediterranean  counterparts) 
but  did  demonstrate  variable  increases  in  the  Gy  /Ay  ratio  ratio.  The 
authors  confirmed  their  previous  finding  that  the  presence  of  the 
+++-S  yp  haplotype  on  both  chromosomes  correlated  with  the 
extent  of  HbF  production  in  Saudis.  This  association  does  not 
suggest  a  tight  linkage.  The  authors  hypothesize  that  the  -158  C->T 
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substitution  may  increase  the  ability  of  the  Gy  region  to  respond  to 
transacting  proteins.  The  actual  amount  of  the  HbF  produced  in  red 
blood  cells  may  be  dependent  upon  the  intracellular  level  of  these 
transacting  proteins  and  cm  the  specific  DNA  sequences  near  and/or 
far  away  from  the  yglobin  genes.  Also,  erythropoietic  stress  may 
affect  the  transacting  regulatory  protein  levels  and  lead  to 
increased  expression  of  Gy  genes  and  total  HbF.  (58)  The 
identification  of  the  regulatory  proteins  controlling  globin  gene 
expression  and  description  of  their  function  will  help  to  clarify 
factors  responsible  for  the  HbF  levels  in  Saudi  Arabians  and  others 
with  sickle  cell  anemia. 


VII.  SICKLE  CELL  DISEASE  IN  KUWAIT 


3  3 


The  high  frequency  of  the  sickle  gene  in  the  region  bordering 
the  western  coast  of  the  Arabian  gulf  appears  to  be  due  to  three 
factors: 

1 )  Falciparum  malaria  was  endemic  in  this  area  into  the 
mid-20th  century,  allowing  for  a  selective  survival 
advantage  to  heterozygotes. 

2)  Homozygous  disease  appears  to  be  compatible  with 
survival  into  adult  life  and  reproduction. 

3)  A  high  rate  of  consanguinity  exists  with  frequent  first 
cousin  marriages).  (71) 

Of  the  Kuwaiti  patients  studied  by  Pearson  et  al.,  47  were 
found  to  have  Hb  SS  disease  while  21  had  Hb  Sp-thalassemia.  No 
significant  difference  was  found  between  the  Kuwaiti  Hb  SS 
patients  and  the  Hb  Sp-thalassemia  patients  in  regards  to 
hemoglobin  level,  reticulocyte  count,  and  percent  HbF.  This  is 
similar  to  the  situation  seen  in  the  U.S.,  where  Sp-thalassemia  and 
SS  patients  have  similar  clinical  and  hematological  pictures.  (71) 

Kuwaiti  sickle  cell  patients  were  compared  with  American 
sickle  cell  patients  and  the  former  group  was  found  to  have  higher 
levels  of  HbF  than  the  latter  group.  Hemoglobin  levels  were 
significantly  higher  and  reticulocyte  counts  significantly  lower  in 
Kuwaiti  patients.  (71)  Hemoglobin  levels  in  the  Kuwaiti  sickle  cell 
disease  patients  ranged  from  70-120  g/L.  None  of  their  American 
counterparts  had  hemoglobin  levels  above  90  g/L  or  HbF  levels  over 
10%.  (71) 
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Kleinhauer-Betke  preparations  were  done  on  six  Hb  SS  and  four 
Hb  Sp-thalassemia  Kuwaiti  patients  and  all  revealed  a 
heterogeneous  distribution  of  HbF  in  their  erythrocytes;  a  finding 
similar  to  that  seen  in  Saudi  Arabians  with  sickle  cell  disease.  (71) 

Analysis  of  clinical  records  of  Kuwaiti  patients  by  Pearson  et 
al.,  revealed  a  relatively  mild  clinical  course  for  most.  Only  10%  had 
experienced  sickle  cell  dactylitis  (hand-foot  syndrome)  compared  to 
one-third  of  the  American  cases.  Painful  crises  appeared  to  be 
more  responsive  to  analgesia  and  IV  hydration  than  American  cases. 
There  were  no  new  episodes  of  splenic  sequestration  syndrome  and 
only  one  episode  of  stroke  and  two  episodes  of  Salmonella 
osteomyelitis  at  the  Sabah  Children's  Hospital  between  1976-1985. 
(71) 

Eighteen  of  21  patients  with  Sp-thalassemia  and  13  out  of  47 
with  SS  disease  had  splenomegaly.  No  American  sickle  cell  patients 
had  palpable  splenomegaly.  Thirty-five  percent  of  Kuwaiti  patients 
with  Sp-thalassemia  had  weights  <  10th  percentile  and  75%  of 

Kuwaiti  HbSS  patients  had  weights  at  this  level.  In  the  American 
group,  35%  showed  this  degree  of  growth  delay.  (71) 

During  the  years  1976-1983,  only  one  Kuwaiti  sickle  cell 
patient  died.  This  death  was  determined  to  be  due  to  causes 

unrelated  to  sickle  cell  disease.  There  were  no  recognized  causes  of 
overwhelming  sepsis,  which  is  seen  in  10-20%  of  patients  in  the  U.S. 

The  lack  of  severe  infectious  complications  in  Kuwaiti  sickle  cell 

patients  may  be  due  to  the  overall  preservation  of  splenic  function. 
(71) 


Pearson  et  al.,  evaluated  this  premise  by  analyzing  the  amount 
of  pocked  RBCs  found  in  Kuwaiti  versus  American  sickle  cell  disease 
patients.  Preservation  of  splenic  function  associated  with  a  low 
percentage  of  pocked  RBCs  in  sickle  cell  patients  from  the  eastern 
province  of  Saudi  Arabia  has  been  reported.  Pearson  et  al.,  found 
that  in  10  Kuwaiti  patients  with  HbF  levels  >  15%  and  concomitant 
Hb  SS  or  Hb  Sp-thalassemia,  all  had  normal  splenic  function.  Of 
note,  all  the  American  cases  had  >10%  pocked  RBCs  indicating 
functional  hyposplenism.  (71) 

A  third  of  patients  with  a  hemoglobin  SF  electrophoretic 
pattern  (21/68)  were  shown  by  family  studies  to  have  the  Sf% 
thalassemia  genotype.  It  appears  that  the  a-thalassemia  gene  may 
also  be  prevalent  in  Kuwait  as  some  of  the  individuals  with 
homozygous  sickle  cell  disease  had  microcytosis.  (71) 

American  sickle  cell  patients  have  a  greater  degree  of 
hemolysis  than  their  Kuwaiti  counterparts  as  demonstrated  by  their 
lower  mean  hemoglobin  levels  and  higher  reticulocyte  counts.  Vaso- 
occlusive  events  are  less  frequent  and  less  severe  in  Kuwaiti 
patients,  which  may  be  due  to  the  higher  levels  of  HbF  seen  in  this 
group.  Most  of  the  Kuwaiti  patients  with  Hb  SS  and  Hb  Sb- 
thalassemia  have  HbF  levels  between  10-20%  into  adolescence.  In 
contrast,  American  cases  of  Hb  SS  and  Sp-thalassemia  rarely 
display  HbF  levels  >  10%  after  ten  years  of  age.  (71) 
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However,  sickle  cell  disease  in  Kuwait  is  not  "benign."  Several 
Kuwaiti  patients  with  low  levels  of  HbF  (2-6%),  had  frequent  painful 
crises,  requiring  hospitalization  and  frequent  blood  transfusions. 
Also,  longitudinal  studies  on  a  larger  population  of  sickle  cell 
patients  in  Kuwait  may  reveal  complications  which  may  only  be 
apparent  in  older  patients.  (71) 


VIII.  MECHANISMS  MODULATING  FETAL  HEMOGLOBIN  LEVELS 


Studies  lend  support  to  the  hypothesis  that  at  least  three 
variables  contribute  to  high  HbF  levels: 

(1)  The  percentage  of  RBCs  and  reticulocytes  containing  HBF. 

(2)  The  quantity  of  HbF  synthesized  within  F-cells. 

(3)  The  extent  to  which  preferential  F-cell  survival  increases  HbF 

levels.  (28) 

Dover  et  al.,  concluded  that  these  variables  are  independently 
regulated  and  that  the  expression  of  each  variable  is  distinctly 
different  between  individual  patients.  They  also  determined  that 
the  production  of  HbF  may  be  as  great  in  the  absence  of 
heterocellular  HPFH  as  in  its  presence.  While  the  investigators 
agreed  that  HbF  offered  RBCs  protection  against  premature  loss,  the 
degree  to  which  it  does  so  was  felt  to  be  variable  from  one 
individual  to  another.  The  inherent  implication  of  this  is  that  there 
exists  a  factor  (or  factors)  other  than  HbF  levels  that  modifies  F- 
cell  production  and  survival.  (28) 

An  analysis  of  in  vivo  changes  in  F-cell  production  supports 
the  hypothesis  that  increased  F-cell  production  is  associated  with 
accelerated  erythropoiesis.  F-cell  production  in  a  child  with  sickle 
cell  anemia  was  found  to  be  reduced  to  a  greater  degree  than  non-F- 
cell  production  when  erythropoiesis  is  suppressed.  This  lends 
support  to  the  idea  that  F-cell  production  is  regulated  separately 
from  non-F-cell  production.  It  is  not  clear  if  falling  erythropoietin 
levels  and  subsequent  depressed  erythropoiesis  are  associated  with 
selective  depression  of  F-cell  production.  (29)  The  authors 
conclude  that  individuals  with  sickle  cell  anemia  like  individuals 
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with  normal  hemoglobin,  can  change  their  relative  F-cell  production 
in  response  to  erythropoietic  stress  via  a  process  that  is  under  a 
different  system  of  regulation  than  non-F-cells.  (29) 

By  examining  y  globin  gene  expression,  haplotypes  associated 
with  elevated  FlbF  levels  and  the  clinical  course  of  sickle  cell 
patients  with  high  FlbF,  it  is  hoped  that  the  mechanisms  regulating 
HbF  synthesis  will  be  clarified.  In  the  Saudi  Arabian  population,  a 
milder  form  of  sickle  cell  disease  is  found  that  is  associated  with 
high  HbF  levels.  A  similar  syndrome  can  also  be  seen  in  Asian- 
Indians  with  sickle  cell  disease.  Interestingly,  unlike  Jamaican  or 
American  Blacks  with  sickle  cell  disease  and  high  hemoglobin  F 
levels,  one  usually  cannot  identify  in  Saudi  or  Indian  families  a 
parent  with  slight  elevation  of  HbF  -  a  finding  that  would  be 
consistent  with  the  Swiss  type  of  heterocellular  HPFH.  (16) 

In  Swiss  type  HPFH,  an  autosomal  dominant  inheritance 
pattern  leads  to  slightly  elevated  HbF  levels  usually  in  the  range  of 
2-3%  in  heterozygotes.  The  HbF  produced  has  both  Gy  and  Ay 
subtypes  of  the  y  globin  chains.  Individuals  with  Swiss  type  HPFH 
and  a  hemoglobinopathy  are  often  asymptomatic.  The  molecular 
defect  in  Swiss  type  HPFH  is  unknown.  (16) 

F-cell  production  in  sickle  cell  anemia  may  be  regulated  by  a 
genetic  locus  that  is  linked  to  or  separate  from  the  (3  globin  gene 
cluster.  Attempts  to  elucidate  mechanisms  modifying  F-cell 
production  are  compounded  by  the  preferential  survival  of  F-cells 
that  varies  from  individual  to  individual  and  thus  serves  as  a  poor 
indicator  of  actual  levels  of  F-cell  production.  (24)  Dover  et  al. 
correlated  F-reticulocyte  levels  in  sibling  pairs  with  SS  disease  and 


between  parents  and  their  children  and  found  that  genes  controlling 
F-cell  levels  are  linked  to  the  p  globin  gene  site  and  that  these 
genes  also  control  F-cell  production  in  non-anemic  individuals.  (24) 

Boyer  et  al. ,  in  a  later  study,  again  looked  at  F-cell  production 
in  an  attempt  to  determine  if  it  is  regulated  by  a  site  (or  sites) 
separate  from  the  p  globin  gene  cluster.  Results  revealed  a 
substantial  number  of  sibling  pairs  with  discordant  F-reticulocyte 
levels.  The  discordance  was  found  to  be  significant  and 
reproducible.  Polymorphic  markers  were  used  to  ascertain  that  the 
discordance  appeared  in  siblings  who  almost  certainly  had  the  same 
mother  and  father.  (12)  Boyer  et  al.,  concluded  that  at  least  one 
genetic  regulator  of  F-cell  production  in  sickle  cell  anemia 
segregated  separately  from  sickle  hemoglobin.  A  gene  separate  from 
the  p  globin  gene  cluster  may  regulate  F-cell  production  by 
elaborating  or  modifying  a  substance  that  interacts  with  a  receptor 
or  effector  site  on  the  p  globin  gene  region.  Mutations  in  the 
modifying  substance  or  gene  site  itself  could  then  control  levels  of 
F-cell  production. 

Another  hypothesis,  supported  by  the  finding  that  HbF 
synthesis  in  vivo  is  usually  completed  early  in  erythroid  maturation, 
is  that  a  gene  (or  genes)  can  control  HbF  levels  by  influencing  the 
percentage  of  cells  in  various  stages  of  development  when  the  F-cell 
"window"  is  open.  (12) 

The  finding  that  5-azacytidine  increases  F-reticulocytes  from 
10%  to  as  much  as  52%  in  sickle  cell  anemia  patients  has  caused 
cautious  optimism  that  new  therapeutic  modalities  for  sickle  cell 
disease  may  be  on  the  horizon.  The  rise  in  F-reticulocyte  levels 
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from  the  use  of  5-azacytidine  has  been  associated  with  a 
demethylation  v  of  DNA  associated  with  y  globin  genes  from  bone 
marrow  erythroid  cells.  The  persistence  of  fetal  hemoglobin  in 
childhood  and  adulthood  may  be  due  to  mutations  in  the  y  globin  gene 
associated  DNA  which  inhibit  methylation  later  in  life.  (62) 


IX.  EXPERIMENTAL  OBJECTIVES 


The  purpose  of  our  study  was  to  examine  the  levels  of  HbF  in 
patients  with  sickle  cell  disease  in  the  Kuwaiti  population. 
Furthermore,  an  analysis  of  7  globin  gene  expression  in  these 
patients  was  undertaken  in  an  attempt  to  facilitate  scientific 
understanding  of  the  mechanisms  involved  in  increasing  7  chain 
synthesis. 

X.  METHODS  AND  MATERIALS 

Solutions  &  Buffers 

Solution  A:  10%  Ammonium  Persulfate  (fresh) 

Solution  B:  60%  Acrylamide  +  0.4%  Bis  (stored  at  4°  C;  redissolved 
in  a  37°C  water  bath) 

Solution  C:  10%  Triton  X-100 

Solution  D:  (Loading  Buffer):  6M  Urea  +  8%  HAC  +  8%  (3- 

mercaptoethanol  +  0.3  mg/ml  pyronine  Y 

1  M  Cysteamine 

Lysis  Buffer:  5mM  MgCl2  (stored  at  4°C) 

Coomassie  Blue  Stain  Solution:  .62  g  Coomassie  Blue  in  10%  acetic 

acid  and  45%  methanol  solution 

Destain  Solution:  10%  acetic  acid  and  10%  methanol  solution 

Acid  Acetone:  2  ml  12N  HCI  +  38  ml  acetone  +  3001  b- 

mercaptoethanol 

Hemoglobin  Purification 

Blood  samples  from  seven  pedigree  families  and  eight 
individuals  with  various  forms  of  sickle  cell  and/or  thalassemia 
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syndrome  (including  SF,  Sickle  (3-thalassemia,  (3-thalassemia 
intermedia)  were  collected  via  venipuncture  at  Al-Sabah  Children's 
Hospital  in  Kuwait.  HbF  levels  were  determined  by  alkali 
denaturation. 

Erythrocytes  from  peripheral  blood  of  patients  was  washed 
three  times  in  an  equal  volume  of  phosphate  buffered  saline  (PBS). 

Between  each  washing  the  sample  was  centrifuged  at  2000  rpm  for 

five  minutes  in  a  RC-2  Sorvall  refrigerated  centrifuge.  The  serum 
layer  was  carefully  removed  with  a  Pasteur  pipette.  The  sample 
was  then  solubilized  at  4°  C  for  10  minutes  in  four  volumes  of  lysis 
buffer.  The  sample  was  then  centrifuged  at  10,000  rpm  (using  a  HB- 
4  rotor)  for  20  minutes.  The  liquid  layer  containing  hemoglobin  was 
removed  with  a  Pasteur  pipette  (without  disturbing  the  layer  of 

cellular  debris  at  the  bottom  of  the  tube),  placed  in  labelled  tubes 

and  stored  at  -70°  C. 

Some  of  our  blood  samples  had  lysed  prematurely  during 
transit  from  Kuwait.  From  these  samples  globin  preps  were  made 
using  acid  acetone.  Acid  acetone  at  4°  C  was  added  in  a  1:20  volume 
to  our  sample.  The  mixture  was  centrifuged  in  a  RC-2  Sorvall 
centrifuge  for  five  minutes  at  10,000  rpm.  The  liquid  supernatent 
layer  was  discarded  and  the  pellet  was  washed  three  times  with 
plain  acetone  at  4°  C.  The  pellet  was  then  dried  using  nitrogen  gas. 
The  pellet  was  resuspended  in  500  microliters  of  loading  buffer 
(Solution  D),  placed  in  an  appropriately  labelled  tube  and  stored  at  - 
70°  C. 


Triton  Gel  Electrophoresis 

A  12.5%  polyacryalmide  gel  with  6M  urea,  2%  Triton  X-100  in 
5%  acetic  acid  was  used  to  separate  the  globin  chains,  using  a 
procedure  previously  described  by  Rovera  et  al.  (84) 

The  gel  was  prepared  by  combining  2  ml  of  solution  B  +  0.5  ml 
glacial  acetic  acid  +  25CRTEMED  (N.N.N'.N',  -  tetramethylenediamine) 
+  18  grams  urea  and  distilled  water  to  bring  the  volume  up  to  49  ml. 
The  solution  was  vortexed  and  degassed  under  a  vacuum.  Three 
hundred  microliters  of  solution  A  and  1  ml  of  100%  Triton  were 
added  to  the  gel  solution.  The  gel  was  then  poured  between  two 
glass  plates  with  spacers.  It  was  overlaid  with  distilled  water  and 
allowed  to  polymerize.  After  polymerization  occurred  the  top 
spacer  was  removed  and  the  gel  was  overlaid  with  distilled  water. 

The  gel  was  pre-electrophoresed  for  one  hour  at  200  V  with  5% 
acetic  acid  running  buffer.  The  buffer  was  then  removed  and  the  gel 
was  overlaid  with  1M  cysteamine  (10  microliters  per  well).  The 
reservoir  was  refilled  with  5%  acetic  acid  running  buffer  and 
electrophoresed  for  45  minutes  at  140  V.  Buffer  was  again  removed 
and  hemoglobin  samples  applied  (2-5  microliters  lysate  in  30 
microliters  of  solution  D).  Normal  adult  and  fetal  hemoglobin 
samples  were  run  as  controls.  The  gel  was  electrophoresed  at  60 
volts  for  8-16  hours  with  the  current  running  backwards  towards 
the  anode.  Gels  were  stained  for  30  minutes  with  Coomassie  Blue 
and  destained  by  diffusion  in  10%  acetic  acid  and  10%  methanol.  The 
Gy/ Ay  globin  ratio  was  determined  via  visual  inspection. 
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XI.  RESULTS 

Familv  # 

Identification 

Unrelated 

R.W.  (patient) 

individuals 

S.A.  (patient) 

with  high 

S.D.  (patient) 

HbF 

A.S.  (patient) 
M.A.  (patient) 
H.H.  (patient) 

Family  #1 

Faiza  (patient) 

Father 

Family  #2 

M. B.  (patient) 

N. J.  (mother) 
B.O.  (father) 

Family  #3 

A.S.  (patient) 
S.A.  (father) 
G.B.  (mother) 

Family  #4 

W.M.  (patient) 
FI.M.  (patient) 
K.M.  (mother) 
M.T.  (father) 

Family  #5 

N.A.  (patient) 
S.A.  (patient) 
M.A.  (patient) 
A.I.  (father) 
A.H.  (mother) 

Family  #6 

A.N.  (patient) 
Q.N.  (sibling) 
H.N.  (sibling) 
W.H.  (father) 

A. A.  (mother) 

Diaanosis 

%HbF 

Gy/  Ay 

SF 

16% 

1:1 

Sickle-p0  thal 

15.5% 

1 :1 

Sickle-p0  thal 

21.7% 

1:1 

p-thal  intermedia 

37.5% 

1:1 

Sickle-p  thal 

10.4% 

1:1 

SF 

16% 

1:1 

homozygous 

60.7% 

1:1 

Sp-thal 

Sickle-p0  thal 

9.7% 

1:1 

SF 

33% 

1:1 

AS 

<2% 

1:1 

AS 

<2% 

1 :1 

SF 

22% 

1 :1 

AS 

<2% 

1:1 

AS 

<2% 

1:1 

ASF 

15% 

1:1 

SF 

★ 

1:1 

AS 

<2% 

1 :1 

AS 

<2% 

1:1 

ASF 

24% 

1:1 

SF 

24% 

1 :1 

SF 

★ 

1:1 

AS 

<2% 

1:1 

AS 

<2% 

1:1 

SF 

32% 

1:1 

AS 

20% 

1:1 

AS 

<2% 

1 :1 

AS 

<2% 

1 :1 

A? 

<2% 

1:1 

4  5 


Family  #7 

L.S.  (patient) 

SF 

23% 

1:1 

S.J.  (father) 

AS 

<2% 

1:1 

S.M.  (mother) 

AS 

<2% 

1:1 

*—  Denotes  inability  to  accurately  quantify  %HbF 

ASF  -  Electrophoresis  revealed  hemoglobins  F,  A  and  S 

Our  data  revealed: 

(1)  All  of  the  Kuwaiti  sickle  cell  disease  patients  sampled, 
exhibited  high  levels  of  HbF,  ranging  from  10.4-60.7% 

(2)  The  expression  of  each  of  the  gamma  globin  genes,  Gy  and  Ay, 
is  equal  in  the  Kuwaiti  patients  studied. 

(3)  Our  results  were  similar  to  those  seen  in  the  analysis  of  the 
Gy/Ay  ratio  in  Saudi  Arabians  with  mild  sickle  cell  disease 
due  to  heterocellular  HPFFI.  However,  Kuwaitis  do  not  exhibit 
classical  HPFH,  as  the  parents  of  affected  individuals  do  not 
have  high  HbF  levels. 
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Normal  Adult 
Normal  Fetal 

Sickle  B°  Thalassemia 

B  Thalassemia  Intermedia 
Sickle  B  Thalassemia 
Sickle  B°  Thalassemia 
Homozygous  S- B°Thalassemia 
Sickle  B°T  halassemia 


RANDOM  INDIVIDUALS  WITH  HIGH  FETAL  HEMOGLOBIN 


FAMILY  7 


SIBLING 


io  .'«c  r 

.tiifmr  !r 

tc  ~ 


mouse  model  for  for  sickle  cell  disease.  In  a  series  of  experiments, 
the  dominant  control  region  (DCR)  sequences  which  flank  the  (3  globin 
gene  locus,  were  used  to  direct  the  copy  number  dependent 
expression  of  human  p  globin  gene  in  erythroid  cells  and  transgenic 
mice.  By  linking  the  p  globin  DCR  sequences  to  the  human  alpha 
globin  gene,  high  level  expression  can  be  obtained.  One  of  the 
transgenic  mice  revealed  no  abnormal  somatic  development,  and  no 
obvious  evidehce  of  hemolytic  anemia,  although  HbS  concentration 
was  83%.  It  is  possible  that  the  17%  normal  mouse  hemoglobin 
offered  some  protection  against  hemolytic  anemia,  just  as  similar 
amounts  of  fetal  hemoglobin  appear  to  protect  human  ps/HPFH 
heterozygotes.  Greaves  et  al.  note  however  that  one  cannot 
disregard  the  physico-chemical  properties  and  microcirculatory 
changes  that  may  be  responsible  for  this  clinical  picture.  The  future 
development  of  an  animal  model  for  sickle  cell  disease  could  serve 
to  further  define  the  factors  mediating  clinical  severity  in  sickle 
cell  disease  as  well  as  screen  potential  anti-sickling  agents.  This 
animal  model  could  also  serve  as  a  template  for  the  development  of 
somatic  gene  therapy  using  the  p  globin  DCR.  (38) 

New  therapeutic  options  for  the  treatment  of  sickle  cell 
disease  may  also  be  developed  and  the  technology  of  molecular 
genetics  improves.  With  the  advent  of  recombinant  DNA  technology, 
molecular  cloning  of  the  human  globin  gene  is  now  possible. 
Nucleotide  sequences  have  been  modified  (by  acetylation  or 
methylation  of  "key"  nitrogenous  bases)  to  deliniate  elements 
involved  in  the  regulation  of  globin  gene  expression.  Use  of 
restriction  enzymes  has  led  to  the  mapping  of  the  various  sickle  cell 
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alleles  and  further  understanding  of  the  interaction  between  sickle 
hemoglobin  states  and  alpha  thalassemia.  (10) 

The  molecular  basis  for  the  predominance  of  y  globin  gene 
expression  during  gestation  and  the  subsequent  switch  to  (3  gene 
expression  just  prior  to  birth  remains  incompletely  understood. 
However,  many  agree  that  prevention  or  reversal  of  this  switch 
would  help  to  decrease  the  clinical  severity  for  patients  with  sickle 
cell  anemia.  Such  an  intervention  would  decrease  or  suppress 
expression  of  abnormal  (3  genes  and  replace  their  gene  products  with 
HbF,  the  product  of  y  globin  gene  expression. 

Therapeutic  manipulation  of  y  and  (3  globin  gene  expression  may 
be  obtainable  via  further  clarification  of  the  effect  of  methyl, 
acetyl  or  other  moieties  on  particular  nitrogenous  bases. 
Hypomethylation  has  been  associated  with  high  levels  of  gene 
activity.  Disimone  et  al.  in  a  series  of  experiments  showed  that 
treatment  of  baboons  with  the  methylation  inhibitor  5-azacytidine 
(a  cancer  chemotherapy  drug)  led  to  high  levels  of  fetal  hemoglobin 
production.  The  toxicity  of  5-azacytidine  and  unknown  effects  of 
the  drug  on  other  genes  make  it  unsuitable  for  widespread  clinical 
use. 

The  polymerase  chain  reaction  (PCR),  designed  to 
enzymatically  amplify  selective  sequences  of  DNA,  allows  for  sickle 
cell  disease  to  be  identified  quickly  and  easily.  PCR  and  subsequent 
direct  DNA  sequencing  may  allow  for  identification  of  deletions,  or 
mutations  associated  with  high  HbF  levels.  While  restriction 
enzyme  mapping  is  a  quick  and  easy  technique,  it  is  limited  to  the 
linkage  analysis  of  polymorphic  restriction  sites  and  to  situations 
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in  which  the  mutation  creates  or  disrupts  a  restriction  site.  PCR 
and  subsequent  DNA  sequencing  or  analysis  with  allele  specific 
oligonucleotide  probes  can  serve  as  a  more  general  means  of 
investigating  possible  causes  of  the  clinical  heterogeneity  seen  in 
sickle  cell  disease.  (85) 

In  summary,  we  analyzed  hemoglobin  F  levels  and  expression  of 
the  y  globin  genes  in  a  population  of  Kuwaiti  patients  with  mild 
sickle  cell  disease.  While  the  Gy/ Ay  ratio  of  1 :1  was  lower  than  the 
fetal  ratio  of  7:3,  it  remains  higher  the  the  2:3  ration  seen  in  normal 
adult  RBCs.  Previous  studies  have  defined  an  association  between 
high  HbF  levels  and  decreased  morbidity  and  mortality  in  sickle  cell 
patients.  We  propose  that  future  studies  should  provide  for  the 
cloning  and  sequencing  of  the  y  and  p  globin  gene  region  and  their 
promoters  as  well  as  in-depth  linkage  analysis  to  delineate 
molecular  mechanisms  that  may  serve  to  increase  PlbF  levels  under 
conditions  of  severe  erythropoietic  stress.  Molecular  determinants 
of  HbF  production  and/or  clinical  heterogeneity  may  be  closely 
linked  to  the  p  globin  gene  cluster,  linked  to  the  p  globin  gene 
cluster  but  outside  of  the  region  spanning  the  e  to  cppl-  globin  genes 
or  farther  away  on  chromosome  lip  or  even  on  a  different 
chromosome.  (61)  It  is  likely  that  such  linkage  analysis  will  serve 
to  clarify  and  accurately  define  on  a  molecular  basis,  a  number  of 
"sickle  cell  syndromes"  that  currently  fall  under  the  general  rubric 
of  sickle  cell  disease. 


MAJOR  SICKLE  p  GLOBIN  GENE  HAPLOTYPES 
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Figure  1 

The  haplotype  is  characterized  by  the  presence  or  absence  (+  or  -)  of  an 
array  of  of  polymorphic  restriction  sites  within  the  p  globin  gene 
cluster.  (5  1 ) 

H  =  Hindi  I 
Hd  =  Hindi  1 1 
A  =  Aval  I 
Hp  =  Hpal 
B  =  BamHI 
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2:  Chart  demonstrates  changes  in  globin  chain  production,  sites  of 

hematopoeisis ,  red  cell  morphology,  and  size  of  erythrocytes 
during  prenatal  and  postnatal  life.  (From  H.  Franklin  Bunn  and 
Bernard  G.  Forget  Hemoglobin:  Molecular,  Genetic  and  Clinical 
Aspects.  Philadelphia:  WB  Saunders,  1986) 


50 


Bibliography 

1.  Al-Awamy,  Baker  and  Wendell  A.  Wilson,  Howard  A.  Pearson 
"Splenic  Function  in  Sickle  Cell  Disease  in  the  Eastern 
Province  of  Saudi  Arabia"  The  Journal  of  Pediatrics  vol.  104, 
no.  5.  May  1984,  pp.  714-717 

2.  Al-Awamy,  Baker  (Principal  Investigator) 

11th  Progress  Report  on  the  Project  Sickle  Cell  Anemia  in  the 

Eastern  Province.  July  -  December  1986 

3.  Ali,  Syed  Amir 

"Milder  Variant  of  Sickle  Cell  Disease  in  Arabs  in  Kuwait 
Associated  With  Unusually  High  Levels  Of  Fetal  Hemoglobin." 
British  Journal  of  Hematology,  vol.  19.  (1970)  pp.  613-619, 

4.  Aluoch,  J.R. 

"The  Treatment  of  Sickle  Cell  Disease  -  A  Historical  and 
Chronological  Literature  Review  of  the  Therapies  Applied  since 
1910."  Tropical  and  Geographical  Medicine,  vol.  36.  no.  4. 

1984,  pp.  S1-S26 

5.  Asakura,  Toshio,  and  S.  Tsuyoshi  Ohnishi,  Kazuhiko  Adachi, 

Meral  Ozgue,  Koji  Hashimoto,  Mark  Singer,  Makie  O.  Russell,  and 
Elias  Schwartz.  "Effects  of  Cetiedil  on  Erythrocyte  Sickling: 

New  Type  of  Antisickling  Agent  That  May  Affect  Erythrocyte 
Membranes."  Proceedings  of  the  National  Academy  of  Sciences 
U.SA.  vol.  77.  no. 5.  May  1980,  pp.  2955  -  2959 

6.  Benz,  Edward  J. 

"Molecular  Genetics  of  the  Sickling  Syndromes:  Evolution  of 
New  Strategies  for  Improved  Diagnosis."  American  Journal  of 
Pediatric  Hematoloav/Oncologv  vol.  6  no.  1  Spring  1987,  p. 

59  -  66 

7.  Benz,  Edward  J. 

"Hemoglobin  Switching  in  Animals"  Texas  Reports  on  Biology  & 
Medicine  vol.  40  1980-81,  p.  111-123 


5  1 


8.  Benz,  Edward  J.  and  B.  Forget 

"The  Biosynthesis  of  Hemoglobin"  Seminars  in  Hematology  vol. 
11.  no.  4  October  1974,  pp.  463-523 

9.  Benz,  Edward  J. 

"Synthesis,  Structure  and  Function  of  Hemoglobin."  In  Textbook 
of  Internal  Medicine.  Ed.  William  N.  Kelley,  M.D.  Philadelphia: 
J.B.  Lippincott  Co.,  1988,  pp.  1373-1379 

10.  Benz,  Edward  J. 

"The  Hemoglobinopathies"  In  Textbook  of  Internal  Medicine. 
William  N.  Kelley,  M.D.  Philadelphia:  J.B.  Lippincott  Co.,  1988, 
pp.  1423-1432 

1 1 .  Booker,  Clifford  R.  ,  Roland  B.  Scott  and  Angela  D.  Ferguson 
"Studies  in  Sickle  Cell  Anemia  XXII.  Clinical  Manisfestations 
of  Sickle  Cell  Anemia  During  the  First  Two  Years  of  Life. 

Clinical  Pediatrics.  Feb.  1964.  pp.  Ill  -  115. 

12.  Boyer,  Samuel  H.,  George  J.  Dover,  Graham  R.  Serjeant,  Kirby  D. 
Smith,  Styliamos  E.  Antonarakis,  Stephen  Embury,  Louise 
Margolet,  Andrea  N.  Noyes,  Marian  L.  Boyer,  Wilmer  B.  Bias. 
"Production  of  F-cells  in  Sickle  Cell  Anemia:  Regulation  by  a 
Genetic  Locus  or  Loci  Separate  From  the  p-globin  Gene 
Cluster."  Blood,  vol.  64,  no. 5.  November  1984,  pp.  1053  -  1058. 

13.  Brittenham,  S.  and  B.  Lozoff,  J.W.  Harris.  "Sickle  Cell 
Anemia  and  Trait  in  a  Population  of  Southern  India."  American 
Journal  of  Hematology,  vol.  2.  (1977),  pp.25  -  32 

14.  Brittenham,  G.  and  B.  Lozoff,  J.W.  Harris,  S.M.  Meyson,  A.  Miller, 
T.H.J.  Huisman,  "Sickle  Cell  Anemia  and  Trait  in  Southern  India: 
Further  Studies."  American  Journal  of  Hematology,  vol.  4. 
(1979),  pp.  107  -  123 

Bunn,  H.  Franklin 

"Sickle  Cell  Disease  -  Advances  in  the  1970s  and  Challenges  of 
the  1980s."  The  American  Journal  of  Pediatric  Hematology/ 
Oncology  vol.  4.  no.  2.  Summer  1982  pp.  166  -  171. 


15. 


5  2 


16.  Bunn,  H.  Franklin  and  Bernard  G.  Forget 
Hemoglobin:  Molecular.  Genetic  and  Clinical  Aspects. 

Philadelphia:  WB  Saunders,  1986 

17.  Charache,  Samuel  and  C.  Lockard  Conley.  Annals  of  the  New 
York  Academy  of  Sciences  vol.  55  p.  37-41 

18.  Chien,  Shu 

"Rheology  of  Sickle  Cells  and  the  Microcirculation.  [Editorial] 
New  England  Journal  of  Medicine,  vol.  311.  no.  24.  pp.  1567  - 
1569. 

20.  Collins,  Francis  S.  and  James  E.  Metherall,  Minoru  Yamakawa, 
Julian  Pan,  Sherman  M.  Weissman  and  Bernard  G.  Forget.  "A 
Point  Mutation  in  the  Ay  Globin  Gene  Promoter  in  Greek 
Hereditary  Persistence  of  Fetal  Hemoglobin."  Nature  vol.  313 
no.  6000  January  24,  1985  pp.  325-326 

21.  Dean,  Jurrien  and  Alan  N.  Schechter 

"Sickle  Cell  Anemia:  Molecular  and  Cellular  Basis  of 
Therapeutic  Approaches."  New  England  Journal  of  Medicine,  vol. 
299:  752  -763.  October  5,  1978.  vol.  299:  804  -  811.  October 
12,  1978.  vol.  299:  863  -  870.  October  19,  1978. 

22.  Dover,  G.  J.  and  R.K.  Humphries,  J.G.  Moore,  T.J.  Ley,  N.S.  Young, 

S.  Charache,  A.W.  Nienhuis.  "Hydroxyurea  Induction  of 
Hemoglobin  F  production  in  Sickle  Cell  Disease:  Relationship 
Between  Cytotoxicity  and  F-cell  Production."  Blood,  vol.  67,  no. 
3.  (1986)  pp.  735  -  738. 

23.  Dover,  G.J.  and  V.  T.  Chang,  S.H.  Boyer,  G.R.  Sergeant,  S. 
Antonarakis,  D.R.  Higgs.  "The  Cellular  Basis  for  Different  Fetal 
Hemoglobin  Levels  Among  Sickle  Cell  Individuals  With  Two, 
Three  and  Four  Alpha-Globin  Genes."  Blood,  vol.  69.  no.  1. 
January  1987,  pp.  341  -344. 

Dover,  G.J.  and  Samuel  H.  Boyer,  Marcus  E.  Pembrey 
"F-cell  Production  in  Sickle  Cell  Anemia:  Regulation  by  Genes 
Linked  to  p-Hemoglobin  Locus."  Science,  vol.  211.  March  27, 
1981.  pp.  1441  -  1444. 


24. 


25. 


5  3 


Dover,  G.J.  and  Samuel  H.  Boyer 

"The  Cellular  Distribution  of  Fetal  Hemoglobin:  Normal  Adults 
and  Hemoglobinopathies."  Texas  Reports  on  Biology  and 
Medicine,  vol.  40.  1980-81  pp.  43  -  49. 

26.  Dover,  G.J.  and  S.  Charache,  S.H.  Boyer,  G.  Vogelsang,  M.  Moyer. 
"5-azacytidine  Increases  HbF  Production  and  Reduces  Anemia 
in  Sickle  Cell  Disease:  Dose-Response  Analysis  of 
Subcutaneous  and  Oral  Dosage  Regimens"  Blood,  vol.  66.  no.  3. 
1982.  pp.  527  -532. 

27.  Dover.  G.J.  and  R.K.  Humphries,  J.G.  Moore,  T.J.  Levy,  N.S.  Young, 
S.  Charache,  A.W.  Nienhuis.  "Hydroxyurea  Induction  of 
Hemoblobin  F  Production  in  Sickle  Cell  Disease:  Relationship 
Between  Cytotoxicity  and  F-cell  Production."  Blood,  vol.  67. 
no. 3  March,  1986.  pp.  735  -  738. 

28.  Dover,  G.J.  and  S.H.  Boyer,  S.  Charache,  and  K.  Heintzelman. 
"Individual  Variation  in  the  Production  and  Survival  of  F-cells 
in  Sickle  Cell  Disease."  New  England  Journal  Medicine,  vol. 

299.  no.  26.  (1978)  pp.  1428  -  1438. 

29.  Dover,  G.J.  and  S.H.  Boyer,  W.  Zinkham. 

"Production  of  Erythrocytes  that  contain  Fetal  Hemoglobin  in 
Anemia;  Transient  in  vivo  Changes.  Journal  of  Clinical 
Investigation,  vol. 63  February,  1979.  pp.  173  -  176. 

30.  El-Hazmi,  M.A.F. 

"On  the  Nature  of  Sickle  Cell  Disease  in  the  Arabian 
Peninsula"  Human  Genetics,  vol.  52.  (1979)  pp.  323  -  335 

31 .  El-Hazmi,  M.A.F.  and  A.S.  Warsy 
"On  the  Nature  of  Sickle  Cell  Disease  in  the  South  Western 
Province  of  Saudi  Arabia."  Acta  Haematologica  vol.  76, 

(1986)  pp.  212-216 

EL-Hazmi,  M.A.F.  and  F.A.  Jabbar,  F.Z.  Al-Faleh,  A.  Rahman,  A.S. 
Warsay.  "The  Haematological,  Biochemical  and  Clinical 
Presentation  of  Hemoglobin  S  in  Saudi  Arabia  -  Haematological 
and  Clinical  Expression"  Tropical  and  Geographical  Medicine 
vol.  39,  (1987)  pp.  157  -162 


32. 


54 

33.  Embury,  Stephen  H. 

"The  Clinical  Pathophysiology  of  Sickle  Cell  Disease."  Ann. 

Rev.  Med,  vol.  37,  (1986)  pp.  361  -  376 

34.  Embury,  Stephen  H.  et.  al. 

"Concurrent  Sickle  Cell  Anemia  and  Alpha-Thalassemia:  Effect 
on  Severity  of  Anemia."  New  England  Journal  of  Medicine  vol. 

306,  no.  5,  Feb.  4,  1982.  pp.  270  -274 

35.  Feingold,  Elise  A.,  and  F.S.  Collins,  J.E.  Wetherall,  C.  J. 

Stoeckert  Jr.,  S.M.  Weissman,  B.G.  Forget.  "Analysis  of 
Mutations  Associated  Deletion  and  Non-Deletion  Flereditary 
Persistance  of  Fetal  Hemoglobin."  Experimental  Approaches 
for  the  Study  of  Hemoglobin  Switching  Alan  R.  Liss,  Inc. 

(1985)  pp.  107-124 

36.  Forget,  B.G.  ,  and  D.  Tuan,  M.V.  Newman,  E.A.  Feingold,  F.  Collins, 

Y.  Fukumaki,  P.  Jagadeesevaran,  S.M.  Weissman.  "Molecular 
Studies  of  Mutations  That  Increase  HbF  Production  in  Man." 

Glebin  Gene  Expression  and  Hematopoietic  Differentiation, _ 

Alan  R.  Liss,  Inc.  (1983)  pp.  65-76 

37.  Gilman,  J.G.  and  T.H.J.  Huisman 

"Two  Independent  Genetic  Factors  in  the  p-Globin  Gene  Cluster 
are  associated  with  High  G-gamma  Levels  in  the  HbF  of  SS 
Patients"  Blood,  vol.  64,  no.  2,  August,  1984.  pp.  452  -  457 

38.  Greaves,  David  R.  and  Peter  Fraser,  Miguel  A.  Vidal,  Michael  J. 
Hedges,  David  Ropers,  Lucio  Luzzattot,  Frank  Grosveld.  "A 
Transgenic  Mouse  Model  of  Sickle  Ceil  Disorder."  Nature  vol. 

343  January  11,  1990.  pp.  183-185 

Hebbel,  Robert  P.  and  M.  Boogaerts,  John  Eaton,  Martin 
Sternberg.  "Erythrocyte  Adherence  to  Endothelium  in  Sickle 
Cell  Anemia  -  A  Possible  Determinant  of  Disease  Severity" 

New  England  Journal  of  Medicine,  vol.  302.  no.  18,  May,  1980. 
pp.  992  -  995 


39. 


40. 


5  5 


Higgs,  Douglas  and  B.E.  Aldridge,  J.  Lamb,  J.B.  Clegg,  D. 

Weatherall,  R.J.  Hayes,  Y.  Grandson,  Y.  Lowric,  K.  Mason,  B. 
Serjeant  and  G.  Serjeant.  "The  Interaction  of  Alpha- 
Thalassemia  and  Homozygous  Sickle  Cell  Disease."  New 
England  Journal  of  Medicine,  vol.  306,  no.  24,  (1982)  pp.  1441- 
1446 

41 .  High,  K.A.  and  E.J.  Benz,  Jr. 

"The  ABCs  of  Molecular  Genetics:  A  Haematologist's 
Introduction"  Recent  Advances  in  Haematology,  ed.  by  A.V. 
Hoffbrand  no.  4  Edinburgh:  Churchill  Livingstone,  1985 
pp.  25-61 

42.  Huisman,  T.H.J.  and  A.  Miller,  W.A.  Schroeder.  "A  G-gamma 
Type  of  Hereditary  Persistence  of  Fetal  Hemoglobin  With  B- 
Chain  Production  in  Cis."  American  Journal  of  Human  Genetics 
vol.  27  (1975)  pp.  765-777 

43.  Huisman,  T.H.J.  and  C.  Altay,  B.  Webber,  A.C.  Reese,  M.E.  Gravely, 
K.  Okanjo,  J.B.  Wilson.  "Quantitation  of  Three  Types  of  Gamma 
Chain  of  HbF  by  High  Pressure  Liquid  Chromatography; 

Application  of  This  Method  to  the  HbF  of  Patients  with  Sickle 
Cell  Anemia  or  the  S-HPFH  Condition.  Blood,  vol.  57,  (1981) 

pp.  75-82 

44.  Huisman,  T.H.J. 

"The  Human  Fetal  Hemoglobins."  Texas  Reports  on  Biology  and 
Medicine,  vol.  40,  (1980-81)  pp.  29-41 

45.  Ibrahim,  A.S. 

"Relationship  Between  Meteorological  Changes  and  Occurrence 
of  Painful  Sickle  Cell  Crises  in  Kuwait."  Translations  of  the 
Royal  Society  of  Tropical  Medicine  and  Hygiene,  vol.  74,  no.  2, 
(1980) 

46.  Jackson,  John  F.  and  Janie  Odom,  Warren  N.  Bell. 

"Amelioration  of  Sickle  Cell  Disease  by  Persistent  Fetal 
Hemoglobin."  JAMA,  vol.  177.  no.  12.  (19611  pp.  867-869 


47. 


5  6 


Kamel,  Karim 

"Heterogeneity  of  Sickle  Cell  Anemia  in  Arabs:  Review  of 
Cases  With  Various  Amounts  of  Fetal  Hemoglobin."  Journal  of 
Medical  Genetics,  vol.  16,  (1979)  pp.  428-430 

48.  Kolata,  Gina 

"Fetal  Hemoglobin  Genes  Turned  on  in  Adults."  Science,  vol. 

218,  December  24,  1982,  pp.  1295-1296 

49.  Kidoguchi,  K.  and  M.  Ogawa,  J.  Karam,  A.G.  Martin 
"Augmentation  of  Fetal  Hemoglobin  (HbF)  Synthesis  in  Culture 
by  Human  Erythropoietic  Precursors  in  the  Marrow  and 
Peripheral  Blood:  Studies  in  Sickle  Cell  Anemia  and  Non- 
Hemoglobinopathic  Adults."  Blood,  vol.  52,  no.  6,  (1978)  pp. 
1115-1124 

50.  Kulozik,  A.E.  and  B.C.  Kar,  R.K.  Satapathy,  B.E.  Serjeant,  G.R. 
Serjeant,  D.J.  Weatherall.  "Fetal  Hemoglobin  Levels  and  (3s 
Globin  Haplotypes  in  an  Indian  Population  With  Sickle  Cell 
Disease."  Blood,  vol.  69,  no.  6,  June,  1978.  pp.  1742-1746 

51 .  Kulozik,  A.E.  and  J.S.  Wainscoat,  G.R.  Sergeant,  B.C.  Kar,  B.  Al- 
Awamy,  G.J.F.  Essan,  A.G.  Falusi,  S.K.  Haque,  A.M.  Hilali,  S.  Kate, 
W.A.W.  Ranasinghe,  D.J.  Weatherall.  "Geographical  Survey  of 
(3s-Globin  Gene  Haplotypes:  Evidence  for  an  Independent  Asian 
Origin  of  the  Sickle  Cell  Mutation."  American  Journal  of  Human 
Genetics,  vol.  39,  (1986)  pp.  239-244 

52.  Labie,  D.  and  J.  Pagnier,  G.  Lapoumeroulie,  F.  Rouabhi,  O.  Dunda- 
Belkhodia,  P.  Chardin,  C.  Beldjord,  H.  Wajcman,  M.E.  Fabry,  and 
R.L.  Nagel.  "Common  Haplotype  Dependency  of  High  G-Gamma 
Globin  Gene  Expression  and  High  HbF  Levels  in  (3-Thalassemia 
and  Sickle  Cell  Anemia  Patients."  Proceedings  of  the  National 
Academy  of  Sciences.  USA,  vol.  82,  April,  1985.  pp.  2111- 
2114 

53.  Lehman,  L.  and  G.  Marajian,  A.E.  Mourant. 

"Distribution  of  Sickle  Cell  Hemoglobin  in  Saudi  Arabia" 

Nature,  vol.  198,  May  4,  1963.  pp.  492-493 


57 

54.  Levine,  Edward  and  Arthur  Rosen,  Lakshman  R.  Segal,  Steven  A. 
Gould,  Gerald  Moss.  "Fetal  Hemoglobin  and  Treatment  of  Sickle 
Cell  Disease."  New  England  Journal  of  Medicine  July  14,  1988 

55.  Mallouh,  Ahmad  A.  and  Mohammed  M.  Salamad.  "Pattern  of 
Bacterial  Infections  in  Homozygous  Sickle  Cell  Disease:  A 
Report  From  Saudi  Arabia."  American  Journal  of  Diseases  of 
Children,  vol.  139,  August  1985.  pp.  820-822 

56.  Matthew,  Christopher  and  Riva  Rubenstein,  Peter  Jacobs. 

"Mild  Clinical  Course  in  Two  South  African  Cases  of  Sickle  Cell 
Anemia."  Acta  Haematologica.  vol.  71,  (1984)  pp.  247-250 

56.  Mears,  J.G.,  and  H.M.  Lachman,  D.  Labie,  R.  Nagel 
"Alpha-Thalassemia  is  Related  to  Prolonged  Survival  in  Sickle 
Cell  Anemia."  Blood,  vol.  62,  no.  2,  August,  1983.  pp.  286- 
290 

57.  Miller,  B.A.  and  M.  Salameh,  M.  Ahmed,  J.  Wainscoat,  G. 

Antognetti,  S.  Orkin,  D.  Weatherall,  D.  Nathan.  "High  Fetal 
Hemoglobin  Production  in  Sickle  Cell  Anemia  in  the  Eastern 
Province  of  Saudi  Arabia  is  Genetically  Determined."  Blood, 
vol.  67,  no.  5,  May,  1986.  pp.  1404-1410 

58.  Miller,  B.A.  and  M.  Salameh,  M.  Ahmed,  N.  Olivieri,  G.  Antognetti, 

S.  Orkin,  T.H.J.  Huisman,  D.  Nathan.  "Analysis  of  Hemoglobin  F 
Production  in  Saudi  Arabian  Families  With  Sickle  Cell  Anemia." 
Blood,  vol.  70,  no.  3,  September,  1987.  pp.  716-720 

59.  Miller,  B.A.  and  M.  Salameh,  M.  Ahmed,  J.  Wainscoat,  G. 

Antognetti,  S.  Orkin,  D.  Weatherall,  D.  Nathan.  "High  Fetal 
Hemoglobin  Production  in  Sickle  Cell  Anemia  in  the  Eastern 
Province  of' Saudi  Arabia  is  Genetically  Determined."  Blood, 
vol.  67,  no.  5,  May,  1986.  pp.  1404-1410 

60.  Miller,  B.A.,  and  O.  Platt,  S.  Hope,  G.  Dover,  D.  Nathan. 

"Influence  of  Hydroxyurea  on  Fetal  Hemoglobin  Production  in 
Vitro."  Blood,  vol.  70,  no.  6,  December,  1987.  pp.  1824-1829 


58 


61.  Miller,  B.A.  and  N.  Olivieri,  M.  Salameh,  M.  Ahmed,  G.  Antognetti, 
T.H.J.  Huisman,  D.  Nathan,  S.  Orkin.  "Molecular  Analysis  of  the 
High  Hemoglobin  F  Phenotype  in  Saudi  Arabian  Sickle  Cell 
Anemia."  New  England  Journal  of  Medicine,  vol.  316,  no. 5,  pp. 
244-250 

62.  Milner,  P.  and  J.  Leibfarth,  J.  Ford,  B.  Baton,  H.  Granett,  F. 

Garver.  "Increased  HbF  in  Sickle  Cell  Anemia  is  Determined  by 
a  Factor  Linked  to  the  (3s  Gene  From  One  Parent.  Blood,  vol. 

63,  no.  1,  January,  1984.  pp.  64-72 

63.  Nagel,  R.  and  S.K.  Rao,  O.  Dunda-Belkhodja,  M.  M.  Connally,  M.E. 
Fabry,  A.  Georges,  R.  Krishnamoorthy  and  D.  Labie.  "The 
Hematologic  Characteristics  of  Sickle  Cell  Anemia  Bearing  the 
Bantu  Haplotype:  The  Relationship  Between  G-gamma  and  HbF 
Level"  Blood,  vol.  69,  no.  4,  April,  1987.  pp.  1026-1030 

64.  Nagel,  R.  and  Mary  E.  Fabry 

"The  Many  Pathophysiologies  of  Sickle  Cell  Anemia."  American 
Journal  of  Hematology,  vol.  20,  (1985)  pp.  195-199 

65.  Nienhuis,  A.W.  and  E.J.  Benz,  Jr. 

"Regulation  of  Hemoglobin  Synthesis  During  the  Development  of 
the  Red  Cell."  New  England  Journal  of  Medicine,  vol.  297, 
December  15,  1977,  pp.  1318-1328.  December  22,  1977,  pp. 
1371-1381.  December  29,  1977,  pp.  1430-1436. 

66.  Noguchi,  C.T.  and  G.P.  Rodgers,  G.  Serjeant,  A.  Schechter. 

"Levels  of  Fetal  Hemoglobin  Necessary  for  Treatment  of  Sickle 
Cell  Disease."  New  England  Journal  of  Medicine,  vol.  318,  no. 

2,  January  14,  1988,  pp.  96-99 

67.  Odenheimer,  D.J.  and  S.A.  Sarnaik,  C.F.  Whitten,  D.  Rucknagel,  C. 
Sing.  "The  Relationship  Between  Fetal  Hemoglobin  and  Disease 
Severity  in  Children  With  Sickle  Cell  Anemia."  American 
Journal  of  Medical  Genetics,  vol  27,  (1987)  pp.  525-535 

68.  Papayannopoulou,  T.H.  and  M.  Brice,  G.  Stamatoyannopoulos. 
"Stimulation  of  Fetal  Hemoglobin  Synthesis  in  Bone  Marrow 
Cultures  From  Adult  Individuals."  Proceedings  of  the  National 
Academy  of  Sciences.  USA  vol.  73,  no.  6,  June,  1976,  pp.  2033- 
2037 


69. 


5  9 


Papayannopoulou,  T.H.  and  M.  Brice,  G.  Stamatoyannopoulos. 
"Hemoglobin  F  Synthesis  in  Vitro:  Evidence  for  Control  at  the 
Level  of  Primitive  Erythroid  Stem  Cells."  Proceedings  of  the 
National  Academy  of  Sciences.  USA  vol.  74,  no.  7,  July,  1977, 
pp.  2923-2927 

70.  Papayannopoulou,  T.H.  and  B.  Nakamoto,  J.  Buckley,  S.  Kurachi, 
P.E.  Nute,  G.  Stamatoyannopoulos.  "Erythroid  Progenitors 
Circulating  in  the  Blood  of  Adult  Individuals  Produce  Fetal 
Hemoglobin  in  Culture."  Science,  vol.  199,  March  24,  1978,  pp. 
1349-1350 

71.  Pearson,  H.A.  and  A. A.  Al-Rashied. 

"Sickle  Cell  Diseases:  Comparisons  Between  America  and 
Kuwait."  The  Journal  of  the  Kuwait  Medical  Association,  vol 
21,  no.  3,  (1987)  pp.  178-182 

72.  Pembrey,  M.E.  and  R.  P.  Perrine,  W.G.  Woods,  D.J.  Weatherall. 
"Sickle  ps-Thalassemia  in  Eastern  Saudi  Arabia."  American 
Journal  of  Human  Genetics,  vol  32,  no.  1,  (1980)  pp.  26-41 

73.  Pembrey,  M.E.  and  W.G.  Wood,  D.J.  Weatherall,  R.P.  Perrine 
"Fetal  Hemoglobin  Production  and  the  Sickle  Gene  in  the  Oases 
of  Eastern  Saudi  Arabia."  British  Journal  of  Hematology,  vol. 

40,  pp.  415-429 

74.  Perrine,  R.P.  and  M.E.  Pembrey,  P.  John,  S.  Perrine,  F.  Shoup. 
"Natural  History  of  Sickle  Cell  Anemia  in  Saudi  Arabs:  A  Study 
of  270  Subjects."  Annals  of  Internal  Medicine,  vol  88,  no.  1 , 
January,  1988,  pp.  1-6 

75.  Perrine,  R.P.  and  P.  John,  M.  Pembrey,  S.  Perrine.  "Sickle  Cell 
Disease  in  Saudi  Arabs  in  Early  Childhood."  Archives  of 
Disease  in  Childhood,  vol.  56,  (1981)  pp.  187-192 

Piomelli,  Sergio 

"Chronic  Transfusions  in  Patients  With  Sickle  Cell  Disease  - 
Indications  and  Problems."  The  American  Journal  of  Pediatric 
Hematologv/Oncology.  Spring  1985  pp.  51-55 


76. 


60 

77.  Platt,  Orah  S.  and  David  G.  Nathan.  "Sickle  Cell  Disease"  In 
Hematology  of  Infancy  and  Childhood,  ed.  David  G.  Nathan  and 
Frank  A.  Oski.  Philadelphia:  WB  Saunders,  1987,  pp. 655-698 

78.  Powars,  Darleen  R. 

"Natural  History  of  Sickle  Cell  Disease  -  The  First  Ten  Years." 
Seminars  in  Hematology,  vol.  12,  no.  3  July,  1975,  pp.  267-285 

79.  Powars,  D.R.  and  W.  Schroeder,  J.N.  Weiss,  L.S.  Chan,  S.  Azen. 

"Lack  of  Influence  of  Fetal  Hemoglobin  Levels  or  Erythrocyte 
Indices  on  the  Severity  of  Sickle  Cell  Anemia."  Journal  of 
Clinical  Investigation,  vol.  65,  March,  1980,  pp.  732-740 

80.  Powars,  D.R.  and  J.N.  Weiss,  L.S.  Chan,  W.A.  Schroeder.  "Is 
There  a  Threshold  Level  of  Fetal  Hemoglobin  That  Ameliorates 
Morbidity  in  Sickle  Cell  Anemia?"  Blood  vol.  63,  no.  4,  April, 

1984,  pp.  921-926 

81 .  Rieber,  E.E.  and  G.  Veliz,  S.  Pollack. 

"Red  Cells  in  Sickle  Cell  Crisis:  Observations  on  the 
Pathophysiology  of  Crisis."  Blood,  vol.  49,  no.  6,  June,  1977, 
pp.  967-979  ' 

82.  Rodgers,  G.P.  and  A.  Schecter,  C.  Noguchi,  H.  Klein,  A.  Nienhuis, 

R.  Bonner.  "Microcirculatory  Flow  in  Patients  With  Sickle  Cell 
Disease."  New  England  Journal  of  Medicine,  vol  311,  no.  24, 
December  13,  1984,  pp.  1534-1538 

83.  Roth,  Jr.,  E.,  E.  Rachmilewitz,  A.  Schifter,  R.  Nagel. 

"Benign  Sickle  Cell  Anemia  in  Israeli-Arabs  With  High  Red  Cell 
2,3-Diphosphoglycerate."  Acta  Haematologica.  vol.  59,  (1978) 
pp.  237-245 

Rovera,  Giovanni  and  Claudette  Magadan,  Thaddeus  W.  Borun. 
"Resolution  of  Hemoglobin  Subunits  by  Electrophoresis  in  Acid 
Urea  Polyacrylamide  Gels  Containing  Triton  X-100"  Analytical 
Biochemistry  vol.  85,  (1978),  pp.  506-518 


84. 


85. 


6  1 


Saiki,  Randall  K.  and  Chu-An  Chang,  Corey  Levenson,  Tina 
Warren,  Corinne  Boehm,  Haig  Kazaziam  Jr.,  Henry  A.  Erlich. 
"Diagnosis  of  Sickle  Cell  Anemia  and  (3-Thalassemia  With 
Enzymatically  Amplified  DNA  and  Nonradioactive  Allele 
Specific  Oligonucleotide  Probes."  New  England  Journal  of 
Medicine,  vol.  319,  no.  9,  pp.  537-541 

86.  Schechter,  A.  and  H.  Franklin  Bunn. 

"What  Determines  Severity  in  Sickle  Cell  Disease?"  New 
England  Journal  of  Medicine,  vol.  306,  no.  5,  pp.  295-297 

87.  Seeler,  Ruth  A. 

"Deaths  in  Children  With  Sickle  Cell  Anemia."  Clinical 
Pediatrics,  vol.  11,  no.  11,  pp.  634-637 

88.  Serjeant,  G.R.,  and  R.  Richards,  R.R.H.  Barbor,  P.F.  Milner. 
"Relatively  Benign  Sickle  Cell  Anemia  in  Sixty  Patients  Aged 
Over  Thirty  in  the  West  Indies."  British  Medical  Journal,  vol. 

3,  (1968)  pp.  86-91 

89.  Serjeant,  G.R. 

Sickle  Cell  Disease.  Oxford:  Oxford  University  Press,  1985 

90.  Serjeant,  G.R. 

"Observations  on  the  Epidemiology  of  Sickle  Cell  Disease." 
Transactions  of  the  Roval  Society  of  Tropical  Medicine  & 

Hygiene-  vol.  75,  no.  2,  1981 

91 .  Sewchand,  L.S.  and  C.S.  Johnson,  H.J.  Meiselman. 

"The  Effect  ,of  Fetal  Hemoglobin  on  the  Sickling  Dynamics  of  SS 
Erythrocytes."  Blood  Cells,  vol.  9  (1983)  pp.  147-159 

92.  Stamatoyannopoulos,  G.  and  A.W.  Nienhuis,  P.  Leder,  P.W. 

Majerus.  The  Molecular  Basis  of  Blood  Disease.  Philadelphia: : 
WB  Saunders,  1987 

93.  Steinberg,  M.H.  and  B.  Preiling,  F.  Morrison,  T.  Necheles. 

"Mild  Sickle  Cell  Disease  -  Clinical  and  Laboratory  Studies." 
JAMA,  vol.  224,  no.  3,  April  16,  1973,  pp.  317-321 


94. 


Steinberg,  M.H.  and  R.  Hebbel. 

"Clinical  Diversity  of  Sickle  Cell  Anemia:  Genetic  and  Cellular 
Modulation  of  Disease  Severity."  American  Journal  of 
Hematology,  vol.  14,  (1983)  pp.  405-416 

95.  Stevens,  M.C.G.  and  G.H.  Maude,  M.  Beckford,  Y.  Grandison,  K. 
Mason,  B.  Taylor,  B.E.  Serjeant,  D.R.  Higgs,  H.Teal,  D.J. 

Weatherall,  G.R.  Serjeant.  "a-Thalassemia  and  the  Hematology 
of  Homozygous  Sickle  Cell  Disease  in  Childhood"  Blood,  vol. 

67,  no.  2,  February,  1986,  pp.  411-414 

96.  Stevens,  M.C.G.  and  R.J.  Hayes,  S.  Vaidya,  G.  Serjeant. 

"Fetal  Hemoglobin  and  Clinical  Severity  of  Homozygous  Sickle 
Cell  Disease  in  Early  Childhood."  The  Journal  of  Pediatrics. 
vol.  98,  no.  1.  pp.  37-41 

97.  Sunshine,  Helen  R, 

"Effect  of  Other  Hemoglobins  on  Gelation  of  Sickle  Cell 
Hemoglobin."  Texas  Reports  .on  Biology  and  Medicine,  vol.  40, 
(1980-81)  pp.  233-250 

98.  Tuan,  Dorothy  and  Elise  Feingold,  Marsha  Neuman,  Sherman  M. 
Weissman,  Bernard  Forget.  "Different  3'  End  Points  of 
Deletions  Causing  5p-Thalassemia  and  Hereditary  Persistence 
of  Fetal  Hemoglobin:  Implications  for  the  Control  of  y  Globin 
Gene  Expression  in  Man."  Proceedings  of  the  National  Academy 
of  Science.  USA  vol.  80,  November,  1983.  pp.  6937-6941 

99.  Wainscoat,  J.S.  and  S.L.  Thein,  D.R.  Higgs,  JJ.  Bell,  D.J. 

Weatherall,  B.H.  Al-Awamy,  G.R.  Serjeant.  "A  Genetic  Marker 
for  Elevated  Levels  of  Hemoglobin  F  in  Homozygous  Sickle  Cell 
Disease?"  British  Journal  of  Hematology,  vol.  60,  no.  2,  June, 
1985,  pp.  261-268 

100.  Wautier,  J.L.  and  F.  Galacteros,  M.P.  Wautier,  D.  Pintigny,  Y. 
Beuzard,  J.  Rosa,  J.P.  Gaen.  "Clinical  Manifestations  and 
Erythrocyte  Adhesion  to  Endothelium  in  Sickle  Cell  Syndrome." 
American  Journal  of  Hematology,  vol.  19,  no.  2,  (1985)  pp.  121- 
130 


63 


101.  Weatherall,  D.J. 

"Mice,  Men  and  Sickle  Cells"  Nature  vol.  343,  January  11, 

1990.  pp.  121 

102.  Wood,  W.G.  and  D.J.  Weatherall,  J.B.  Clegy. 

"Interaction  of  Heterocellular  Hereditary  Persistence  of  Foetal 
Haemoglobin  With  p-Thalassaemia  and  Sickle  Cell  Anemia." 
Nature,  vol.  264,  Nov.  18,  1976,  pp.  247-249 

103.  Wood,  W.G.  and  M.E.  Pembrey,  G.R.  Sergeant,  R.P.  Perrine,  D.J. 
Weatherall.  "HbF  Synthesis  in  Sickle  Cell  Anemia:  A 
Comparison  of  Saudi  Arab  Cases  With  Those  of  African  Origin." 
British  Journal  of  Hematology,  vol.  45,  (1980)  pp.  431-445 


\ 


YALE  MEDICAL  LIBRARY 


Manuscript  Theses 


Unpublished  theses  submitted  for  the  Master's  and  Doctor's  degrees  and 
deposited  in  the  Yale  Medical  Library  are  to  be  used  only  with  due  regard  to  the 
rights  of  the  authors.  Bibliographical,  references  may  be  noted,  but  passages 
must  not  be  copied  without  permission  of  the  authors,  and  without  proper  credit 
being  given  in  subsequent  written  or  published  work. 


This  thesis  by  has  been 

used  by  the  following  persons,  whose  signatures  attest  their  acceptance  of  the 
above  restrictions. 


NAME  AND  ADDRESS 


DATE 


/ 


